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Free  radical  toxicity  has  been  implicated  as  contributory  to  both  aging  and  skeletal 
muscle  pathology.  Indeed,  recent  evidence  suggests  that  free  radicals  are  produced 
primarily  as  function  of  oxidative  metabolism,  and  that  an  acute  bout  of  exercise  results  in 
an  escalation  of  free  radical  formation  in  locomotor  muscle  resulting  in  disruption  in 
sarcoplasmic  reticulum  and  mitochondrial  function.  The  diaphragm  is  the  primary 
respiratory  muscle  and  is  essential  to  life.  However,  no  reports  exist  concerning  the  effects 
of  acute  exercise  on  free  radical  related  biochemistry  in  young  or  senescent  animals.  Thus, 
we  sought  to  test  the  hypotheses  that  1)  the  elevated  antioxidant  status  of  the  diaphragm 
would  protect  it  from  metabolic  enzyme  damage  as  compared  to  locomotor  muscle;  and  2) 
acute  exercise  in  senescent  animals  would  exacerbate  exercise-induced  changes  in  skeletal 
muscle  lipid  peroxidation  and  metabolic  enzyme  activities.  Twenty  4 month  old  and  twenty 
24  month  old  female  Fischer-344  rats  were  acclimated  to  treadmill  running;  each  age  group 
was  then  divided  at  random  into  young  exercised  (YE);  and  old  exercised  (OE)  and  young 
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control  (YC);  and  old  control  (OC)  groups.  Animals  in  both  young  and  old  exercise 
groups  ran  on  a rodent  treadmill  for  40  minutes  at  75%  estimated  V02max.  Following  the 
treadmill  run,  both  exercise  and  control  groups  were  euthanized  with  sodium  pentobarbital. 
Costal  (COSD)  and  crural  diaphragm  (CRU),  plantaris  (PL),  white  and  red  gastrocnemius 
(WG  and  RG),  and  soleus  (SOL)  muscles  were  removed  and  quickly  frozen  in  liquid 
nitrogen.  Results  revealed  a significant  (P<0.05)  increase  in  lipid  peroxidation  in  YE 
COSD  and  RG.  Activity  of  the  antioxidant  enzyme  glutathione  peroxidase  was 
significantly  elevated  in  YE  and  OE  plantaris  and  YE  white  gastrocnemius.  In  addition, 
ANOVA  revealed  a significant  overall  main  effect  for  increased  antioxidant  enzyme 
superoxide  dismutase  with  exercise  (P<0.05).  Metabolic  enzymes  phosphofructokinase 
(PFK),  citrate  synthase  (CS),  and  3-hydroxyacyl-CoA  dehydrogenase  (HADH)  were 
unchanged  with  acute  exercise  in  the  diaphragm.  However,  PFK  was  inhibited  in  the  WG 
by  60%  in  OE  and  33%  in  YE,  and  in  the  RG  by  41%  in  OE.  In  vivo  allosteric  modifiers 
of  PFK  (i.e.,  [H+],  disulfide  redox  state,  [citrate],  ADP,  ATP,  free  fatty  acids)  could 
influence  the  magnitude  of  downregulation  in  working  muscle.  These  data  indicated  an 
increase  in  exercise-induced  free-radical  production  in  YE  and  to  a lesser  extent  OE; 
metabolic  enzymes  were  well  protected  at  this  exercise  intensity  and  duration  in  the 
diaphragm.  It  is  probable  that  the  greater  degree  of  exercise-induced  gastrocnemius  PFK 
inhibition  in  the  senescent  animals  was  due  to  greater  susceptibility  of  PFK  in  this  age 
group  to  "downregulation."  Future  investigations  are  needed  to  ascertain  the  causality  of 
free  radical  toxicity  and  muscle  enzyme  downregulation,  quantification  of  contribution  and 
location  of  free  radical  sources  in  working  skeletal  muscle,  influences  of  exercise  intensity 
and  duration  as  well  as  motor  unit  recruitment  pattern  on  free  radical  toxicity  in  working 
skeletal  muscle. 
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INTRODUCTION 


In  eukaryote  organisms  molecular  oxygen  (O2)  is  essential  to  cellular  metabolism 
and  life  itself.  Yet  the  very  physical  nature  of  chemical  reactions  involving  molecular 
oxygen  results  in  production  of  potentially  dangerous  oxygen  intermediates  and  subsequent 
products  (e.g.,  free  radicals,  nonradical  oxygen  intermediates,  and  hydroperoxides)  which 
pose  a great  threat  to  cellular  homeostasis.  Free  radicals  are  extremely  reactive  and  are 
prone  to  initiating  chemical  chain  reactions  (39).  Endogenous  production  of  free  radicals  is 
thought  to  originate  from  the  interaction  of  molecular  oxygen  with  a host  of  substrates, 
catalysts,  and  oxyradicals  themselves  (64,94).  Eukaryotes  have  developed  two  broad 
strategies  for  management  of  O2  intermediates:  a)  controlled  integration  and  utilization  of 
free  radicals  into  essential  cellular  and  systemic  function;  and  b)  a multilayered  molecular, 
cellular,  and  organ  level  antioxidant  system  designed  to  limit  the  concentration  of  free 
radicals  and  hydroperoxides,  as  well  as  repair  of  free  radical-induced  cellular  damage.  If 
the  antioxidant  defense  system  is  overwhelmed,  cellular  pathology,  aging,  and  cell  death 
may  occur  (15,20,1 1 1,1 15).  In  fact,  the  relationship  between  production  and  propagation 
of  free  radicals  (as  well  as  their  toxic  products)  and  available  antioxidant  defense  systems 
underlies  the  pathology  of  many  disease  processes  (15),  including  those  found  in  skeletal 
muscle.  Recently,  Franceschi  et  al.  (39)  have  proposed  that  antioxidant  defense  systems 
are  an  integral  part  of  an  interconnected  network  of  cellular  defense  mechanisms  which 
minimize  the  effects  of  internal  and  external  biochemical  stressors.  The  proposed  network 
of  cellular  defense  mechanisms  includes  DNA  repair,  detoxification  of  xenobiotics,  heat- 
shock  response,  and  poly(ADP-ribosyl)ation. 
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A number  of  pathological  conditions  such  as  muscular  dystrophy, 
ischemia/reperfusion  injury,  inflammation,  aging,  and  possibly  fatigue  have  been 
associated  with  free  radical  toxicity  in  skeletal  muscle  (64,66,68,86,1 10,1 13,127). 
Normally,  at  rest,  the  layered  systemic  and  cellular  antioxidant  defense  system  of 
antioxidant  enzymes  and  substrates  (e.g.,  superoxide  dismutase,  catalase,  glutathione 
peroxidase,  Vitamin  E)  ameliorates  the  toxic  effects  of  biologically  generated  oxyradical 
production.  Mounting  evidence  suggests  that  free  radical  production  is  increased, 
especially  through  "metabolic  leaks"  in  the  electron  transport  chain,  with  acute  exercise 
(26,30,57,64,68).  Further,  oxygen-derived  free  radicals  have  been  implicated  in  elevation 
of  lipid  peroxidation  (2,3,6,26,101,102)  and  a partial  inactivation,  or  "downregulation,"  of 
metabolic  enzymes  (8,31,32,46,47,68)  observed  on  occasions  in  locomotor  skeletal 
muscle  immediately  following  a bout  of  acute  exercise.  Extensive  damage  to  lipid 
membranes  via  free  radicals  alters  membrane  fluidity,  membrane  potential,  permeability  of 
membranes  to  macromolecules,  and  alteration  of  membrane  protein  function  (most 
importantly  Na+/K+  ATPase  and  Ca2+  ATPase:  63,103,1 12).  In  addition,  free  radical 
biochemistry  may  play  a role  in  mitochondrial  and  sarcolemmal  disruption  following 
strenuous  exercise  (14,46,47,68)  as  well  as  myofilament  damage  following  eccentric 
exercise  (5,18,128). 

Although  enhanced  lipid  peroxidation  and  antioxidant  enzyme  levels  in  resting 
locomotor  muscle  have  been  noted  by  Ji  et  al.  (66)  in  aged  rats  when  compared  with  young 
adult  rats  (indicating  increased  skeletal  muscle  free  radical  production  with  age),  reports 
concerning  free  radical  related  biochemical  alterations  with  acute  exercise  in  senescent 
animals  are  limited.  Ji  et  al.  (66)  reported  significant  increase  in  cytosolic  glutathione 
perxoxidase  activity  (or  Vmax)  following  1 hour  of  level  treadmill  running  at  -60% 
V02max  in  24  and  31  month  old  male  Wistar-Furth  rats.  Recently  Wu  et  al.  (126) 
demonstrated  that  the  activity  of  glutathione  peroxidase,  but  not  catalase  or  superoxide 
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dismutase,  is  increased  by  10  weeks  of  treadmill  endurance  training  in  24  month  old  female 
Fischer-344  rats. 

There  are  no  reports  in  the  literature,  in  young  or  old  animals,  concerning  acute 
exercise-induced  free  radical  mediated  lipid  peroxidation  and  metabolic  enzyme  inactivation 
in  the  diaphragm.  This  is  unfortunate  considering  that  the  mammalian  diaphragm  is  the 
principal  respiratory  muscle  and  is  the  only  skeletal  muscle  essential  to  life  and  that 
procurement  of  such  information  has  important  physiological  and  pathophysiological 
ramifications.  Research  on  senescent  animals  is  important  as  mitochondrial  (53)  and 
cellular  aging  (27,93)  have  been  associated  with  chronic,  repetitive  free  radical  toxicity. 

The  animal  model  lends  itself  for  such  study. 

The  major  objective  of  the  current  investigation  is  to  improve  the  understanding  of 
free  radical  production  in  the  diaphragm  and  its  relation  to  acute  submaximal  exercise,  and 
to  examine  any  interactive  effects  of  senscence.  For  comparative  purposes,  selected 
locomotor  skeletal  muscle  differing  in  fiber  type  will  also  be  studied  (i.e.,  plantaris,  red  and 
white  gastrocnemius,  and  soleus).  The  global  hypothesis  tested  was  that  muscles  which 
have  a lower  relative  (per  unit  weight)  oxygen  utilization  during  submaximal  exercise  will 
be  more  susceptible  to  free  radical  related  biochemical  alterations.  Further,  an  attempt  to 
disprove  that  relative  tissue  oxygen  flux  alone  is  primarily  responsible  for  free  radical 
related  damage  in  skeletal  muscle  was  studied.  The  following  specific  hypotheses  were 
tested: 

1.  Acute  exercise  results  in  less  disturbance  of  cellular  homeostasis  as  measured  by 
lipid  peroxidation  and  enzyme  downregulation  in  the  diaphragm  as  opposed  to  the  plantaris; 
the  augmented  antioxidant  status  of  the  diaphragm  provides  greater  protection  against  free 
radical  related  biochemical  alterations  than  locomotor  muscles. 

2.  Respiratory  and  locomotor  muscles  in  senescent  Fischer-344  rats  are  more 
susceptible  to  free  radical-related  metabolic  enzyme  disturbances  and  lipid  peroxidation  than 


young  rats. 
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3.  Enzymatic  downregulation  with  a bout  of  acute  exercise,  determined  via 
biochemical  assessment  of  important  metabolic  enzyme  activities,  will  be  less  prevalent  in 
type  lib-fast  twitch  glycolytic  muscle  (white  gastrocnemius)  than  type  Ila-fast  oxidative 
glycolytic  (red  gastrocnemius)  or  type  I-slow  twitch  (soleus)  muscle  since  fast  glycolytic 
muscles  are  recruited  less  during  moderate  submaximal  work. 

Acute  exercise  induced  free  radical-related  biochemical  alterations  in  skeletal  muscle 
were  determined  via  assessment  of  "downregulation"  or  inactivation  of  metabolic  enzyme 
activities,  changes  in  antioxidant  enzyme  activities,  and  increases  in  lipid  peroxidation.  The 
metabolic  enzyme  markers  phosphofructokinase,  citrate  synthase,  and  3-hydroxyacyl-CoA- 
dehydrogenase  were  chosen  because  of  their  potential  rate-limiting  state  in  glycolysis,  citric 
acid  cycle,  and  B-oxidation  (lipid  oxidation),  respectively.  It  follows  that  sizable 
inactivation  in  these  enzymes  would  diminish  the  effectiveness  of  the  corresponding 
metabolic  pathways  to  generate  ATP.  Total  tissue  glutathione  peroxidase  and  superoxide 
dismutase  were  chosen  as  markers  of  antioxidant  enzyme  status.  Measurement  of  muscle 
malondialdehyde  levels  was  used  to  estimate  lipid  peroxidation. 


REVIEW  OF  LITERATURE 


The  general  purpose  of  this  section  is  to  provide  a review  of  current  literature 
concerning  free  radical  biochemistry  in  skeletal  muscle  with  an  emphasis  on  acute  exercise. 
The  review  is  separated  into  three  divisions.  The  first  section  discusses  free  radical 
production  and  management  in  skeletal  muscle.  The  focus  of  the  second  section  is  upon 
skeletal  muscle  tissue  injury  and  relation  to  free  radical  toxicity.  The  final  portion  of  the 
review  concentrates  on  aging,  the  diaphragm,  and  free  radical  biochemistry. 

Free  Radical  Biochemistry  and  Skeletal  Muscle 

Molecular  oxygen  (O2)  as  well  as  oxygen  intermediates  can  be  perceived  as 
possessing  a "Janus"  biochemistry:  sources  of  tremendous  metabolic,  anabolic,  and 
destructive  power.  Oxygen-derived  free  radicals  participate  in  many  normal  cellular  and 
organ  functions  as  well  as  contribute  to  the  pathology  of  a large  number  of  disease  states. 
Free  radicals  have  been  hypothesized  as  participating  in  numerous  important,  normal 
cellular  functions  such  as  phagocytosis  of  microorganisms,  detoxification  of  xenobiotic 
compounds,  alcohol  oxidation,  vasodilation,  protein  activation  and  turnover,  glycogen 
repletion,  prostaglandin  synthesis,  and  biogenesis  of  mitochondria  or  whole  cells 
(4,17,22,24,64,71,84,87).  However,  free  radical  toxicity  can  pathologically  alter  structure 
and  function  of  proteins,  lipids,  carbohydrates,  and  nucleic  acids.  Disturbances  in  cellular 
homeostasis  and  function  resulting  from  free  radical  toxicity  have  been  implicated  as 
contributing  to  the  pathology  of  over  one-hundred  syndromes  and  disease  processes  which 
include  cancer,  artherosclerosis,  stroke,  arthritis,  cataracts,  diabetes,  emphysema,  adult 
respiratory  distress  syndrome,  and  aging  (52,53,61,64,93).  Further,  biological  free 
radicals  have  been  demonstrated  in  skeletal  muscle  to  be  integral  in  muscular  dystrophy, 
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delayed-onset  muscle  soreness,  inflammation,  as  well  as  ischemia/reperfusion  injury 
(5,64,70,1 12,1 13,128).  A limited  number  of  reports  suggest  that  free  radical  toxicity  may 
play  a role  in  muscle  fatigue  (63,86,107)  as  well.  Therefore,  comprehension  of 
endogenous  free  radical  production  and  management  of  biological  free  radicals  is  vital  to 
our  knowledge  of  skeletal  muscle  physiology  and  pathophysiology. 

Free  Radical  Production 

In  general,  the  current  knowledge  of  the  effects  of  free  radical  toxicity  on  skeletal 
muscle,  with  its  physiological  and  therapeutic  implications,  lags  well  behind  that  found  in 
more  well-described  tissues  such  as  the  liver  and  the  lung.  Thus,  a brief  review  of  free 
radical  biochemistry  with  emphasis  on  production  in  skeletal  muscle  follows.  Atoms  in 
most  chemical  compounds  are  bonded  in  a covalent  manner  possess  electron  pairs  in  the 
outer  orbitals  which  have  opposite  spins  (of  +1/2  and  -1/2),  as  dictated  by  the  Pauli 
principle  (51,110).  The  term  "free  radical"  refers  to  a molecule  which  possesses  an 
unpaired  electron  in  the  valence  shell  (64);  such  compounds  include  hydrogen  atoms,  most 
transition  metals,  and  molecular  oxygen  (52).  Molecular  oxygen  (O2),  or  dioxygen,  is 
potentially  susceptible  to  radical  formation  as  it  is  in  actuality  a stable  "diradical:"  that  is,  O2 
has  two  unpaired  electrons  in  its  outer  orbital  shell.  Most  elements  and  the  majority  of 
organic  compounds  are  potentially  susceptible  to  oxidation  by  dioxygen  (57). 

Fortunately,  kinetic  restrictions  exist  concerning  the  reactivity  of  molecular  oxygen 
in  its  ground  state  (i.e.,  3ZgQ2)  (48,57).  The  two  unpaired  electrons  have  parallel  spin 
(90)  and  are  located  in  different  outer  orbitals  (40)  which  greatly  diminish  the  spontaneous 
reactivity  of  molecular  oxygen  (3XgC>2)  as  dictated  by  quantum  mechanics.  Therefore,  in 
order  for  dioxygen  to  react  rapidly,  the  spin  restriction  must  be  removed,  the  0—0  bond 
weakened,  or  both.  However,  dioxygen  reactions  with  single  electrons,  hydrogen  atoms, 
or  other  species  containing  unpaired  electrons  (i.e.,  most  transition  metals)  can  overcome 
those  restriction.  Most  transition  metals,  especially  important  are  Fe2+  and  Cu2+,  facilitate 


7 


the  single  electron  transfer  with  molecular  oxygen  (115).  Finally  it  is  noteworthy  that  free 
radicals  can  act  biochemically  as  both  strong  oxidants  or  reducing  agents  (115). 

Singlet  oxygen 

The  conversion  of  molecular  oxygen  to  its  excited  singlet  electron  state  ^AgC^  or 
1Xg+02)  via  radiant,  chemical,  or  thermal  energy  removes  the  spin  restriction  (57)  and 
weakens  the  0-0  bond  thus  increasing  the  reactivity.  However,  the  chemical  importance 
of  the  1Xg+02  state  is  small  as  it  decay  very  rapidly  into  !Ag02.  The  !Ag02  state,  which  is 
not  a radical  but  is  reactive,  may  be  produced  when  biological  pigments  such  as  retinal, 
flavins,  porphoryns,  and  chlorophyll  are  exposed  to  light  with  sufficient  O2  available  (52). 
Estimates  of  the  lifetime  of  singlet  dioxygen  are  4 |isec  in  aqueous  solutions  and  25-100 
(isec  in  nonpolar  organic  media  similar  to  membrane  environs  (38).  Major  susceptible 
cellular  targets  for  ^(>2  oxidation  are  lipid  membranes;  guanine  residues  of  nucleic  acids; 
and  histidine,  methionine,  tryptophan,  tyrosine,  and  cysteine  residues  of  proteins  and 
enzymes  (38).  Tissues  exposed  to  radiation  or  UV  light  such  as  the  lens  and  retina  of  the 
eye,  as  well  as  the  skin,  are  subjected  to  significant  chemical  insult  from  singlet  oxygen 
production  (59).  The  degree  of  ’AgC^  production  in  skeletal  muscle  is  poorly  understood 
but  is  likely  to  be  integrated  with  lipid  hydroperoxide  production.  Catalase  metabolism  of 
hydrogen  peroxide  (H2O2)  results  in  a small  (0.5%  of  the  total)  release  of  JAg02  (17). 
Superoxide  anion 

The  primary  oxygen  intermediate  biologically  produced  in  mammalian  cells  is  the 
superoxide  anion  (02*')-  Superoxide  anions  may  initiate  cellular  damage  or  act  as 
precursors  to  other  oxygen  intermediates  and  peroxides.  Cellular  production  of  superoxide 
anions  occur  predominantly  in  the  mitochondrial,  microsomal,  and  peroxisomal 
compartments  (17).  In  general,  superoxide  anions  are  formed  via  a process  known  as 
redox  cycling,  whereby  electronegative  compounds  accept  electrons  and  then  reduce 
oxygen.  Superoxide  anions  can  be  generated  by  a large  number  of  enzyme,  substrate  and 
oxidase  systems  as  well  as  autoxidizable  small  molecules  and  proteins  (52). 
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The  majority  of  free  radical  production  in  skeletal  muscle  is  thought  to  be 
mitochondrial  in  origin  and  a function  of  metabolism  (64).  It  is  believed  that  approximately 
2%  of  the  oxygen  consumption  through  the  electron  transport  chain  results  in  liberation  of 
free  radicals  and  peroxides  (17),  initially  as  superoxide  anion  (O2*').  Indeed,  Boveris  et  al. 
(9)  demonstrated  that  ubisemiquinone  is  the  major  source  of  O2''  in  the  inner  mitochondrial 
membrane.  The  sites  of  electron  transport  chain  release  of  free  radicals  are  believed  to  be 
NADH-coenzyme  Q reductase  (complex  I or  NADH-dehydrogenase  complex)  and 
ubiquinol-cytochrome  c reductase  (complex  III)  (9,16,64).  Boveris  and  Chance  (10)  have 
shown  that  ubiquinone  (also  referred  to  as  coenzyme  Q or  CoQ)  related  production  of  O2’' 
is  related  to  ubiquinone  reduction  state  and  oxygen  consumption.  The  ubisemiquinone 
reaction  (18)  appears  to  be  preferred: 

Q10H*  + O2  — > O2’'  + Q10  + H+ 

where  Q10H*  is  a reduced  ubiquinone.  Ubiquinones  are  non-protein,  lipid-phase,  highly 
mobile  molecules  which  can  move  along  the  inner  mitochondrial  membrane  between  the 
flavin  and  cytochrome  shuttle  proteins  (17).  The  release  of  O2'",  via  the  electron  transport 
chain  or  "metabolic  leak"  is  directly  related  in  vitro  to  the  partial  pressure  of  ambient 
oxygen  (60,85). 

However,  the  degree  of  "metabolic  leak"  mentioned  above  is  true  (~2%)  for  state  4 
mitochondrial  respiration  (17),  or  the  model  for  mitochondria  in  a "resting"  muscle.  The 
degree  of  "metabolic  leak"  in  state  3 (activated;  not  ADP  limited)  respiration  in 
mitochondria  is  unknown.  Working  skeletal  mitochondria  are  in  state  3 respiration  control 
during  exercise  (25).  As  flux  through  mitochondrial  electron  transport  chains  increases 
dramatically  during  exercise,  the  production  of  02*'  via  metabolic  leaks  should  increase. 
As  ubiquinones  become  more  reduced  with  exercise,  the  amount  of  metabolic  leaks  could 
be  exacerbated  with  exercise  (25).  Indeed,  Jackson  et  al.  (58)  reported  increases  in 
electron  spin  resonance  (ESR)  (free  radical  signals)  measured  at  -180°C  immediately 
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following  30  minutes  of  rat  hindlimb  in  situ  contractile  work  as  compared  with  rest- 
controls. 

It  is  important  to  note  that  cytochrome  oxidase,  which  reduces  oxygen  to  water  and 
is  the  terminal  sink  for  reactions  in  the  electron  transport  chain,  does  not  release  free  radical 
intermediates  into  the  cellular  milieu;  they  are  tightly  bound  within  the  heme  subunits  (17) 
until  reaction  with  molecular  oxygen  is  completed: 

O2  + 4H+  + 4e+  — > 2H20 

Thus,  oxyradical  production  may  not  be  completely  a "necessary  evil"  in  utilizing  molecular 
oxygen  to  produce  cellular  ATP.  It  is  postulated  that  free  radical  signals  may  be  involved 
in  a metabolic  control  scheme  not  yet  understood.  Recently,  K.  Mailer  (79)  found  that 
xanthine/xanthine  oxidase  generated  02‘*  (a  powerful  reductant  under  nonaqueous 
conditions)  reduces  cytochrome  c in  situ  and  is  a source  of  electrons  for  oxidative 
phosphorylation.  The  physiological  significance  of  this  phenomenon  remains  to  be 
determined. 

It  has  been  proposed  that  in  skeletal  muscle  an  important  source  of  Q2*'  production 
is  xanthine  oxidase  (110).  This  is  at  first  perplexing  as  skeletal  muscle  itself  has  very  low 
levels  of  xanthine  oxidase  (99,1 12).  Studies  by  Jarasch  et  al.  (61,62)  using 
immunolocalization  methodology  reveal  that  xanthine  oxidase  (XO)  is  primarily  located  in 
the  microvascular  endothelium.  This  has  been  substantiated  in  isolated  endothelial  cells  by 
Raytch  et  al.  (96).  In  nonischemic  tissue,  NAD+-xanthine  dehydrogenase  (XDH)  is 
predominant  (90,110,112)  and  does  not  produce  02‘*.  Following  ischemia- reperfusion,  a 
significant  portion  of  xanthine  dehydrogenase  is  converted  to  xanthine  oxidase  (76), 
increasing  production  of  (>2*"  and  contributing  substantially  to  cellular  injury  (83). 

Ischemia  is  thought  to  promote  conversion  of  XDH  — > XO  through  two  mechanisms:  a) 
inactivation  of  a cellular  protease  inhibitor  which,  under  non-ischemic  conditions,  normally 
prevents  a Ca2+-activated  protease  from  converting  xanthine  dehydrogenase  into  xanthine 
oxidase  (99),  and  b)  oxidation  of  sulfhydryl  groups  (28,90). 
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During  exercise  large  quantities  of  hypoxanthine,  xanthine,  and  urate  (substrates 
and  products)  for  both  XDH  and  XO  efflux  from  working  muscle  as  indicated  by  increased 
plasma  metabolite  levels  (54,55,1 10)  and  elevated  arterio-venous  differences  (69). 
Conversion  of  xanthine  to  urate  in  working  muscle,  as  inferred  during  exercise  from 
plasma  [urate]  and  net  urate  efflux  from  muscle,  increases  in  a workrate  dependent  manner 
with  a pattern  similar  to  that  of  lactate  and  ammonia  (69).  Xanthine 
dehydrogenase/xanthine  oxidase  represents  the  terminal  enzyme  in  adenine  and  purine 
nucleotide  degradation  cascade  (69,100).  Production  of  adenine  nucleotide  degradation 
metabolites  via  AMP  deaminase  (with  concomitant  ammonia  production)  is  inversely 
related  to  the  oxidative  capacity  of  skeletal  muscle  (122).  In  other  words,  white  muscle 
degrades  larger  quantities  of  adenine  nucleotides,  with  therefore  greater  potential  for 
substrate  flux  through  XDH/XO,  than  red  muscle.  Degradation  and  depletion  of  adenine 
nucleotides  increases  in  skeletal  muscle  under  the  following  conditions:  a)  high  intensity 
exercise,  b)  hypoxia  or  ischemia,  c)  during  B-adrenergic  blockade,  d)  after  detraining,  and 
e)  at  low  glycogen  levels  (100).  Although  xanthine  dehydrogenase  to  xanthine  oxidase 
conversion  occurs  with  ischemia/reperfusion  and  hypoxia  (28,99),  such  conversion  has  not 
yet  been  identified  in  skeletal  muscle  subject  to  acute  exercise.  Therefore,  although  it  is 
apparent  that  an  increase  in  XDH/XO  substrate  flux  and  release  from  working  muscle 
(especially  in  white  muscle  or  Type  lib)  occurs  with  exercise,  contribution  of  exercise- 
induced  O2*'  production  via  xanthine  oxidase  remains  unknown. 

Further,  endothelial  generated  O2*-  via  xanthine  oxidase  can  trigger  chemotaxis 
mechanisms  for  polymorphonuclear  leukocytes  (96)  and  phagocyte  activation,  and  thus 
amplification  of  cellular  injury  with  ischemia/reperfusion  (127).  Activated  blood-borne 
leukocytes  then  generate  O2''  via  NADH  oxidase  (1 1)  or  may  release  neutrophilic 
proteases  (113),  thus  exacerbating  tissue  injury.  In  addition,  activated  leukocytes  may 
release  hypochlorous  acid  (HOC1),  which  can  contribute  to  tissue  injury  (19).  Indeed, 
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etiology  of  ischemia/reperfusion  injury  has  been  suggested  to  be  independent  of  intrinsic 
antioxidant  status  (1 19). 

In  addition  to  mechanisms  mentioned  above,  other  electron  transport  chain 
components  (NADH  dehydrogenase,  iron-sulfur  flavoproteins,  and  cytochrome  b) 
cytochrome  P450,  numerous  autoxidizable  substrates  and  proteins,  as  well  as  NADH 
oxidase,  glucose  oxidase,  and  other  oxidases  all  can  contribute  to  the  cellular  generation  of 
superoxide  anion  (16)  albeit  less  effectively.  Although  not  highly  toxic  in  its  nonpronated 
state  (94),  superoxide  anion  is  directly  toxic  when  pronated  (hydroperoxyl  radical),  or 
chelated  with  a transition  metal  (15,17).  Nonpronated  superoxide  anion  functions  as  a 
reducing  agent,  capable  of  reacting  with  many  compounds,  and  can  cross  membranes 
through  anion  channels  (37).  The  pronation  of  superoxide  anion  has  a pKa  = 4.8;  thus 
superoxide  would  be  dissociated  in  the  muscle  cell  interior  (pH~7.0): 

02”  + H+  <=>  HOO- 

However  the  pH  of  the  environ  in  close  proximity  to  cell  membranes  approaches  that  of  the 
pK  for  pronation  of  superoxide  anion,  a result  of  strong  ion  differences  across  cell 
membranes.  The  half-life  of  O2"  is  dependent  on  superoxide  dismutase  (SOD)  activity  and 
all  substrates  which  react  with  superoxide  anion  (94).  Thus,  the  half-life  of  O2*'  would  be 
longer  in  skeletal  muscle  than  in  liver  or  heart  which  both  possess  higher  SOD  activities. 
The  toxic  potential  of  superoxide  anion  is,  to  a large  degree,  dependent  on  the  ability  of 
O20'  to  form  hydrogen  peroxide  (H2O2)  and  subsequently  the  highly  toxic  hydroxyl  radical 
(•OH)  as  discussed  below. 

Hydrogen  peroxide  and  hvdroxvl  radical 

Aqueous  superoxide  anion  may  undergo  dismutation  to  form  hydrogen  peroxide 
(H2O2)  and  O2;  this  reaction  can  occur  spontaneously  or  be  catalyzed  by  superoxide 
dismutase  (17,94,115): 

O2"  + 02"  + 2H+  <=>  H2O2  + O2 
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The  pKa  of  the  dismutation  of  superoxide  anion  is  very  high  (52);  therefore,  under 
physiological  conditions  the  reaction  is  nonequilibrium.  Chance  et  al.  (17)  have  noted  the 
cellular  and  systemic  importance  of  superoxide  dismutase  in  accelerating  the  above 
reaction,  maintaining  superoxide  anion  at  a low  level.  Hydrogen  peroxide  itself  is  not  very 
reactive,  nor  is  it  a free  radical,  and  thus  is  capable  of  diffusing  appreciable  distances  from 
site  of  production  (94)  and  across  cell  and  organelle  membranes.  This  allows  potential 
propagation  of  free-radical  signals.  Hydrogen  peroxide  will  readily  react  with  superoxide 
anion  in  the  presence  of  ferrous  or  cuprous  ions  to  form  the  hydroxyl  radical. 

Hydroxyl  radical  (*OH),  an  extremely  toxic  free  radical  intermediate,  may  be 
formed  in  biological  systems  by  superoxide  anion  and  hydrogen  peroxide  via  the  Haber- 
Weiss  reaction  (catalyzed  by  Fe2+,  Cu+),  or  by  hydrogen  peroxide  and  Fe2+  via  the 
Fenton  reaction  (17,52,1 15)  as  listed  below: 

Haber-Weiss:  O2"  + H2O2  — > O2  + OH'  + *OH 

Fenton:  Fe2+  + H2O2  > Fe^+  + OH'  + *OH 

The  hydroxyl  radical  generally  causes  cellular  damage  with  virtually  any  organic  molecule 
near  the  site  of  formation  and  has  a half-life  of  10~9  sec  (94).  Three  types  of  reactions 
involving  »OH  are  probable:  a)  hydrogen  atom  abstraction,  b)  addition  (e.g.,  adding  on  an 
aromatic  ring  structure  such  as  purine  and  pyrimidine  bases  of  DNA),  and  c)  electron 
transfer  (52).  The  hydroxyl  radical  is  thought  to  be  responsible  for  much  of  the  direct  free 
radical  damage  in  organic  systems,  as  it  has  extremely  high  rate  constants  with  virtually 
every  cellular  constituent  including  sugars,  DNA  bases,  organic  acids,  phospholipids,  and 
amino  acids  (52,1 15).  The  hydroxyl  radical  may  initiate  cellular  pathology  directly  or  act 
through  genesis  of  lipid  peroxidation  (115). 

Lipid  peroxidation 

Lipid  peroxidation  usually  involves  oxidation  of  organelle  and  plasma  membrane 
lipid  constituents.  Extensive  lipid  peroxidation  is  capable  of  eliciting  deleterious  alterations 
in  organelle  and  cellular  homeostasis.  Free  radicals  are  highly  reactive  with 
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polyunsaturated  fatty  acids  (PUFA)  such  as  those  found  in  cellular  membranes.  In 
addition,  Fe2+  and  Fe3+  can  contribute  to  initiation  of  lipid  peroxidation  (52).  The  lipid 
peroxidation  process  has  three  phases:  initiation,  propagation,  and  termination. 

Lipid  peroxidation  is  initiated  when  an  organic  free  radical  is  formed  via  hydrogen 
abstraction  of  an  unsaturated  lipid  (15,17,52).  Such  attack  may  be  perpetrated  by  reactive 
species  such  as  hydroxyl  radical,  molecular  oxygen,  singlet  oxygen,  protonated  or 
chelated  superoxide  anion,  hydrogen  peroxide,  ferryl  hydroxy  complexes,  etc.  (15,17,52). 
The  illustrative  example  below  involves  attack  by  hydroxyl  radical  with  formation  of  an 
organic  or  lipid  radical: 

Lipid-H  + *OH  — > Lipid*  + H20 

Following  diene  conjugation  (stabilization),  the  organic  radical  reacts  with  02  to  form  a 
hydroperoxyl  (peroxyl)  radical  (15,17,52): 

Lipid*  + 02  — > Lipid-0^ 

The  peroxyl  radical  abstracts  a hydrogen  from  an  adjacent  lipid  forming  a lipid 
hydroperoxide  as  well  as  a lipid  radical: 

Lipid-02*  + Lipid-H  — > Lipid-02H  + Lipid* 

Now  propagation  of  a chain  reaction  of  lipid  peroxidation  (52)  is  likely.  In 
addition,  alkoxyl  [RO]  (where  R is  a lipid) 

Lipid-C^H  + Fe2+  complex  — > Fe^+  complex  + OH"  + Lipid-O* 
and  peroxyl  [ROO»]  radicals 

Lipid-02H  + Fe^+  complex  — > Lipid-O^  + H+  + Fe^+  complex 
can  be  formed  (52)  from  hydroperoxides  in  the  presence  of  transition  metal-salts  (e.g., 
Fe2+).  These  radicals  (alkoxyl  and  peroxyl)  further  stimulate  lipid  peroxidation  by 
abstracting  hydrogens  from  other  lipid  molecules.  Further,  02  or  HOO  can  react  with 
lipid  hydroperoxides  in  generating  alkoxyl  radicals.  In  general,  alkoxyl  radicals  are  more 
reactive  (18);  and  Fc^+  is  considered  more  important  than  Fe^"1"  in  lipid  peroxidation. 
Additional  lipid  peroxidation  products  include  aldehydes  (including  malondialdehyde) 
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alkanes  (i.e.,  ethane,  pentane),  epoxy-fatty  acids,  etc.  (6,111).  Extensive  lipid 
peroxidation  can  adversely  alter  membrane  fluidity,  membrane  protein  function,  ion 
conductance,  Ca^+  homeostasis,  increases  in  macromolecule  permeability,  and  membrane 
potential  (15,64,1 15).  Further  lipid  peroxidation  interacts  with  phospholipase  A2  activity 
which  enhances  lipid  destruction  (104);  however,  removal  of  damaged  lipid  membrane 
sections  via  phospholipase  A2  acts  as  a protective  mechanism  as  well.  In  other  words, 
cellular  and  organelle  (i.e.,  mitochondrial)  membrane  function  can  be  pathologically  altered 
by  excessive  lipid  peroxidation. 

Termination  of  lipid  peroxidation  occurs  when  a lipid  radical  reacts  with  another 
lipid  radical  or  is  "quenched"  by  a free  radical  chain-breaking  scavenger.  The  two  most 
important  lipid-soluble  chain-breaking  scavengers  are  ce-tocopherol  (Vitamin  E)  and  13- 
carotene. 

Oxygen  Intermediate  Management 

Oxyradical  production  and  damage  are  reduced  and  quenched  by  systemic,  cellular, 
and  repair  systems.  The  systemic  vascular  system  provides  a number  of  antioxidant 
strategies  for  skeletal  muscle  and  other  body  tissues.  First,  muscle  blood  flow  provides  a 
steady  and  sufficient  supply  of  oxygen  while  maintaining  low  capillary  and  tissue  PO2.  In 
addition,  numerous  extracellular  proteins  act  as  antioxidants  predominantly  by  binding  and 
inactivating  transition  metal  stores.  The  liver  provides  antioxidant  substrates  during 
exercise,  augmenting  the  systemic  free  radical  protection.  Cellular  oxygen  intermediate 
management  consists  of  a)  antioxidant  enzymes  (superoxide  dismutase,  catalase, 
glutathione  peroxidase,  etc.),  b)  free  radical  scavengers  (ce-tocopherol,  B-carotene,  reduced 
glutathione,  ascorbate,  urate,  etc.),  and  c)  free  radical  damage  repair  systems  (protein 
degradation/inactivation,  DNA  repair,  etc.). 
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Systemic  antioxidant  systems 

The  systemic  vascular  system  is  designed  in  order  to  deliver  oxygen  to  the  tissues  at 
low  but  adequate  tissue  PO2  levels  (125).  In  addition,  great  care  is  taken  to  tightly  bind  the 
oxygen  and  transition  metal  (i.e.,  iron  and  copper)  ions  in  the  blood.  Blood  hemoglobin 
maximizes  blood  oxygen  content  and  minimizes  free  or  unbound  oxygen.  Similarly,  blood 
iron  stores  are  bound  by  hemoglobin  and  transferrin.  When  fully  saturated,  transferrin 
binds  2 mol  Fe3+  per  mole  protein;  however,  transferrin  is  normally  <50%  saturated  in  the 
blood,  and  requires  an  anion  such  as  bicarbonate  for  normal  function  (50).  The  plasma 
protein  ceruloplasmin  not  only  binds  copper  ions  but  also  converts  Fe2+  to  Fe3+,  which  is 
less  likely  to  promote  free  radical  production.  Transferrin  along  with  ceruloplasmin  have 
been  demonstrated  as  effective  in  preventing  tissue  lipid  autoxidation  in  vitro  (118).  In 
addition,  lactoferrin,  which  is  secreted  by  neutrophils  (50),  has  iron  binding  capabilities 
similar  to  transferrin.  The  plasma  protein  albumin  also  binds  copper  and  effectively 
absorbs  any  redox  cycling  initiated  by  copper.  In  addition,  histidine-rich  glycoproteins, 
mucins,  haptoglobins,  and  hemopexins  all  have  transition  metal-binding  capabilities,  thus 
minimizing  oxidative  damage  (50). 

Extracellular  antioxidant  enzymes  and  substrates  also  appear  to  have  important 
local  and  systemic  function  in  preventing  systemic  and  tissue  specific  free  radical  toxicity. 
Extracellular  superoxide  dismutase  (EC-SOD),  proposed  to  be  located  in  the  vascular 
endothelium,  provides  protection  against  superoxide  anion  (80).  This  protection  may  be 
important  following  periods  of  local  ischemia  and  infiltration  by  activated  leukocytes. 
Vitamin  E is  transported  in  the  serum  by  lipoproteins  and  potentially  could  provide 
additional  oxidant  protection.  However,  this  protective  effect  appears  to  be  small  (50);  in 
fact,  lipoproteins  may  act  as  an  electron  acceptor  and  provide  protection  for  Vitamin  E 
(124)  against  free  radical  damage. 

Erythrocytes  may  act  as  a free  radical  "sink"  (50),  since  RBCs  have  high  levels  of 
the  antioxidant  enzymes  superoxide  dismutase,  catalase,  and  glutathione  peroxidase  as  well 
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as  free  radical  scavenger  reduced-glutathione  (GSH).  High  levels  of  antioxidant  enzymes 
is,  at  least  in  part,  a necessary  protection  for  erythrocytes  during  exercise.  During  periods 
of  increased  O2  oxygenation  and  deoxygenation  in  the  blood,  such  as  exercise,  the 
likelihood  of  methemoglobin  formation  is  higher  (45);  the  formation  of  methemoglobin 
results  in  the  production  of  superoxide  anion.  During  intense  exercise,  high  blood  lactate 
levels  may  act  as  a buffer  against  this  process  with  concomitant  increased  levels  of  blood 
[H+]  reducing  methemoglobin  (42,45). 

In  addition,  the  liver  provides  some  systemic  antioxidant  protection  during  exercise. 
The  liver  releases  a substantial  amount  of  reduced  glutathione  (GSH)  during  exercise  (78). 
Lew  et  al.  (78)  report  an  increased  level  of  plasma  glutathione  levels  after  acute  exhaustion 
(90-120  min  treadmill  running)  in  the  rat,  which  they  attribute  to  a dumping  of  reduced 
glutathione  from  the  liver.  In  addition,  Gohil  et  al.  (45)  have  found  in  humans  an  increased 
plasma  total  glutathione  and  GSH  above  resting  levels  1-4  days  post-exercise  following  90 
minutes  of  cycling  at  65%  V02max.  Further,  Gohil  et  al.  (45)  reported  a decreased 
reduced  and  total  glutathione  levels  in  the  liver  with  acute  exercise.  Lew  et  al.  (78) 
hypothesized  that  the  mechanism  for  liver  GSH  release  is  related  to  increased  plasma 
vasopressin  levels  during  exercise.  Hepatic  release  of  GSH  would  appear  to  be  a 
necessary  antioxidant  reserve  mechanism  as  the  ratio  of  reduced/oxidized  glutathione  in 
both  working  skeletal  muscle  and  blood  decreases  with  acute  exercise  (78). 

Cellular  antioxidant  systems 

A layered  cellular  system  of  antioxidant  enzymes  and  substrates  effectively 
ameliorates  the  toxic  effects  of  biologically  generated  oxyradical  production  (64). 
Myoglobin  binds  cellular  oxygen,  acts  as  an  O2  buffer,  and  is  thought  to  be  involved  in 
bound  transfer  of  molecular  oxygen  to  cytochrome  oxidase  (41).  The  cellular  strategy  of 
myoglobin  then  is  to  transport  oxygen  in  the  muscle  cell  to  the  mitochondria,  to  provide  a 
low  but  fairly  even  PO2  across  the  muscle  cell,  and  to  keep  O2  molecules  in  a bound  state. 
Therefore,  in  skeletal  muscle  large  changes  in  O2  flux  are  accomplished  with  minimal 
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alterations  in  sarcoplasmic  PO2  (125).  Thus,  tight  control  of  cellular  O2  levels  is  an 
effective  prophylactic  measure  against  free  radical  generation.  In  addition,  the  cellular  iron- 
storage  protein,  ferritin,  minimizes  free  Fe2+  levels  in  the  muscle  cell.  Ferritin  has  an 
amazing  ability  to  bind  iron:  up  to  4500  ions  per  molecule  (52).  However,  if  ferritin 
molecules  are  disrupted  and  iron  stores  are  released,  the  potential  deleterious  impact  on  free 
radical  management  is  obvious. 

Antioxidant  enzymes  also  provide  considerable  preventive  protection  against  free 
radical  toxicity.  Superoxide  dismutase,  catalase,  glutathione  peroxidase,  glutathione 
reductase,  and  glutathione-S-transferases  provide  an  integrated  antioxidant  enzyme  system 
in  prevention  of  tissue  damage. 

Superoxide  dismutase  (SOD)  catalyzes  the  dismutation  of  superoxide  anion  into 
hydrogen  peroxide  and  molecular  oxygen  (17,64): 

O2-  + 02-  + 2H+  — > H2O2  + O2 

Superoxide  dismutase  is  found  in  both  the  mitochondrial  (Mn2+-dependent)  and  cytosolic 
(Cu2+/Zn2+-dependent)  cellular  compartments  (67),  and  is  effective  in  maintaining  low 
superoxide  anion  levels  in  tissues  (17).  Mammalian  Mn-SOD  and  Cu/Zn-SOD  have 
dissimilar  protein  structures  and  teleological  origins.  Mammalian  mitochondrial  SOD  is 
similar  in  structure  to  that  found  in  prokaryotes.  This  supports  the  notion  that  the 
mitochondria,  with  its  own  genome,  is  a "captured"  prokaryote  organelle.  Maintenance  of 
a low  cellular  superoxide  anion  concentration  appears  to  be  vital  for  normal  function  (17). 
In  fact,  the  ratio  of  SOD  activity/metabolic  rate  is  directly  related  to  rodent  and  primate 
species  lifespan  (120).  Maintenance  of  low  O2"  levels  by  SOD  protects  catalase  integrity. 

Catalase  (CAT)  is  confined  to  the  peroxisomes  and  catalyzes  reduction  of  H2O2  to 
water  and  O2  (17). 

2H202  — > 2H20  + 02 

Catalase  can  display  peroxidatic  function  as  well.  Due  to  the  compartmentalization  of 
catalase  and  lower  Km  when  compared  to  GPX,  this  antioxidant  enzyme  may  have 
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somewhat  limited  effectiveness  in  skeletal  muscle.  However,  the  action  of  catalase  protects 
superoxide  dismutase  integrity,  thus  completing  a symbiotic  relationship  between  the  two 
antioxidant  enzymes  (19). 

Glutathione  peroxidase  (GPX)  is  found  in  both  the  mitochondria  and  cytosol  and 
reduces  both  hydrogen  peroxide  and  hydroperoxide  using  reduced  glutathione  (GSH)  as  a 
hydrogen  atom  donor  forming  an  alcohol,  water,  and  oxidized  glutathione  (GSSG).  It  is 
now  believed  that  glutathione  peroxidase  function  is  accomplished  by  family  of  enzymes:  a 
selenium-dependent  enzyme  acts  on  both  aqueous  hydrogen  pdroxide  and  hydroperoxides; 
and  glutathione-S-transferases  catalyze  the  reduction  of  solely  aqueous  hydroperoxides 
(19,30,65,123).  In  addition,  a phospholipid  hydroperoxide  Se++-dependent  glutathione 
peroxidase  has  been  identified  by  Ursini  and  colleagues  (123). 

ROOH  + 2GSH  — > ROH  + H20  + GSSG 

Glutathione  peroxidase  is  coupled  with  glutathione  reductase  in  order  to  replenish 
GSH  from  the  oxidized  form  of  glutathione  (GSSG).  NADPH  provides  reducing  power 
for  the  glutathione  reductase  reaction.  NADPH,  in  turn,  is  produced  in  skeletal  muscle 
mitochondria  by  NADP+-specific  isocitrate  dehydrogenase  and  malic  enzyme,  and  in  the 
cytosol  by  the  aforementioned  enzymes  and  glucose-6-phosphate  dehydrogenase.  In 
skeletal  muscle,  GSH/GSSG  ratios  are  maintained  at  a high  level  (-500: 1)  at  rest  providing 
a substantial  reserve  stock  of  antioxidant  substrate  (17). 

The  remaining  important  biological  antioxidant  substrates  or  "scavengers"  function 
as  lipid  peroxidation  "chain  breakers"  (111)  and  free  radical  quenchers.  These  can  be 
divided  into  lipid  soluble  (oe- tocopherol,  6-carotene)  and  water  soluble  (ascorbate,  reduced 
glutathione,  urate)  categories.  Lipid  soluble  scavengers  are  incorporated  into  cellular 
membranes;  ce-tocopherol  is  the  most  important  (64,1 10).  6-carotene  normally  plays  a 
minor  role  as  a lipid  peroxidation  chain-breaker;  however  this  function  is  enhanced  at  low 
tissue  P02  levels  (111)  such  as  found  in  working  muscle  during  exercise.  Reduced 
glutathione  (GSH)  is  a substrate  for  glutathione  peroxidase  as  well  as  a lipid  peroxidation 
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chain-breaker.  The  major  role  of  GSH  may  be  in  protecting  protein  sulfhydryl  (-SH) 
groups  associated  with  cysteine  and  methionine  amino  acid  residues.  Glutathione  is 
synthesized  from  three  amino  acids:  glutamate,  glycine,  and  cysteine  (29).  The  cysteine 
residue  contains  a sulfhydryl  (thiol)  group  which  is  the  site  of  action.  The  primary  function 
of  ascorbate  (Vitamin  C)  in  skeletal  muscle  is  to  repair  ce-tocopherol  (115);  it  can  also 
function  as  a lipid  peroxidation  chain  breaker  and  free  radical  scavenger,  as  well,  but  to  a 
minor  degree.  Urate  reduces  hydroxyl  radical  as  well  as  terminating  lipid  peroxidation. 
However,  urate's  function  is  limited  as  it  is  not  lipid  soluble.  A number  of  other 
endogenous  substrates  such  as  glucose,  malate,  succinate,  pyruvate,  retinoic  acid,  CoQ, 
and  cysteine  possess  antioxidant  properties. 

Protein  degradation  and  nucleic  acid  repair 

It  is  now  apparent  that  proteolytic  degradation  of  inactivated  or  damaged  cellular 
proteins  is  yet  another  layer  of  the  antioxidant  defense  system.  It  is  well  established  that 
protein  degradation  increases  with  acute  exercise  (33,68);  a portion  of  protein  breakdown  is 
attributable  to  use  of  amino  acids  as  a source  of  fuel  during  exercise  (4-10%  of  total  fuel 
used).  Proteins  damaged  by  oxidative  stress  during  exercise  must  be  disposed  of  quickly 
and  efficiently.  Damaged  proteins  lose  their  3 -dimensional  structure  and  form  unwanted 
cross-links  with  other  damaged  proteins  (89).  Oxygen  intermediates  and  hydroperoxides 
can  alter  primary,  secondary,  and  tertiary  structure  of  proteins  (23).  Insoluble  aggregates 
of  numerous  cross-linked  proteins  may  form  exacerbating  cellular  damage  (23,89).  Protein 
degradation  systems  appear  to  minimize  not  only  the  effects  of  oxidative  stress  but  also  to 
take  advantage  of  those  processes.  Proteolytic  (proteinases  and  peptidases)  systems 
degrade  denatured/hydrophobic  proteins  damaged  by  oxidative  stress  into  amino  acid 
constituents  much  more  quickly  and  more  efficiently  (89)  than  undamaged  native  proteins. 
This  is  especially  important  as  protein  sulfhydryl  groups  are  susceptible  to  oxidation  with 
acute  exercise  (68). 
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Different  types  of  myopathy  (disease  or  exercise-induced)  may  be  identified  by  the 
proteins  preferentially  degradated  and  the  proteases  utilized.  The  type  of  protease 
degradation  system  used  is  believed  to  be  related  to  the  half-life  of  the  protein,  which  in 
turn  is  related  to  protein  structure  (97).  For  example,  specific  thiol  proteases  degrade 
myofibrillar  proteins  (half-life  of  41-200  hr)  in  vitro  (97,106).  Calcium-activated  neutral 
protease  (CANP)  degrades  heavy  chain  myosin,  troponin,  tropomyosin  and  ce-actinin. 
Cathepsin  B and  H are  lysosomal  proteases  and  degrade  heavy  chain  myosin,  troponin  C, 
and  tropomyosin;  and  troponin  T,  respectively.  These  systems  are  activated  with  acute 
exercise  but  are  not  inducible  following  4 weeks  of  endurance  training  in  rats  (106).  The 
activity  of  CANP  increases  with  age,  whereas  the  activities  of  the  cathepsins  appear  to 
decrease  with  aging  (106).  Damaged  amino  acids  residues,  identity  of  the  -NH2  terminal 
amino  acid  in  a polypeptide,  and  certain  amino  acid  sequences  within  a protein  are  signals 
for  degradation  to  commence  (89,97).  Histidine,  cysteine,  tryptophan,  tyrosine,  and 
methionine  amino  acid  residues  are  susceptible  to  free  radical  damage. 

DNA  and  RNA  are  susceptible  to  free  radical  attack.  Lipid  peroxidation  metabolites 
such  as  malondialdehyde  are  especially  destructive  to  nucleic  acids.  Thus,  DNA  and  RNA 
repair  systems  may  provide  a secondary  free  radical  defense  system  (23).  A recent  study 
by  Alessio  and  Cutler  (1)  found  increased  urine  levels  of  the  DNA  damage  marker  8- 
hydroxydeoxyguanosine  in  humans  10  hours  following  a marathon  race,  and  a subsequent 
elevation  in  DNA  repair  cycle  activity.  Further,  free  radical  release  from  activated 
neutrophils  may  cause  chromosome  damage  (52).  In  general,  free  radical  damage  of 
nucleic  acids  may  involve  mechanisms  such  as  base  hydroxylation,  cross-linkage,  and 
scission  of  DNA  strands  (115)  resulting  in  mutations  and  inhibition  of  protein  and  fatty 
acid  synthesis.  Thus,  nucleotide  repair  systems  must  comprise  an  important  function  in 
management  of  reactive  oxygen  intermediates. 
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Inducibilitv  of  antioxidant  systems  with  exercise 

It  is  important  to  understand  alterations  and  adaptations  of  skeletal  muscle 
antioxidant  systems  resulting  from  both  acute  and  chronic  exercise.  Changes  that  occur 
under  these  conditions  reveal  the  physiological  strategies  in  skeletal  muscle  for  dealing  with 
oxidant  stress.  It  is  important  to  keep  in  mind  that  changes  in  each  enzyme  or  substrate 
contributes  to  skeletal  muscle  antioxidant  system  status. 

Acute  exercise  significantly  decreases  the  GSH  content  and  increases  GSSG  in 
working  muscle  (45).  In  addition,  Ji  et  al.  (68)  have  found  a decrease  in  deep  vastus 
lateralis  total  protein  sulfhydryl  content  after  treadmill  run  to  exhaustion  in  rats.  Vitamin  E 
content  is  reported  to  be  unchanged  (101)  with  acute  exercise.  Glutathione  peroxidase 
activity  levels  have  been  reported  by  Salminen  and  Vihko  (101)  to  increase  above  control 
levels  in  mouse  red  vastus  lateralis  following  exhaustive  treadmill  exercise.  Ji  et  al.  (68) 
have  reported  similar  findings  in  the  untrained  rats  for  the  soleus  but  not  for  the  vastus 
lateralis  or  in  trained  rats.  Enhancement  of  superoxide  dismutase  has  not  been  reported 
with  acute  exercise,  but  Laughlin  et  al.  (76)  found  an  increase  in  SOD  in  untrained  red 
gastrocnemius  following  ischemia  reperfusion.  Skeletal  muscle  catalase  activity  has  been 
described  by  Alessio  and  Goldfarb  (2)  as  increasing  with  20  minutes  of  treadmill  running 
in  trained  rat,  but  not  untrained,  red  and  white  vastus  lateralis.  Thus,  a reduction  in 
reduced  glutathione  content  and  possible  "upregulation"  of  antioxidant  enzymes  occurs  in 
working  skeletal  muscle  as  a result  of  a bout  of  acute  exercise.  Differences  in  reported 
responses  of  the  antioxidant  enzymes  may  be  a result  of  state  of  training,  type  of  muscle 
examined,  exercise  protocol,  and  the  particular  enzyme  in  question. 

Skeletal  muscle  glutathione  peroxidase  has  been  reported  to  increase  (67,76) 
following  endurance  training.  Mn-dependent  superoxide  dismutase  has  been  described  by 
Higuchi  et  al.  (56)  as  inducible  in  the  soleus  and  the  red  and  white  gastrocnemius  following 
3 months  of  endurance  training;  Cu/Zn-SOD  demonstrated  an  increase  in  the  soleus  but  not 
the  red  or  white  gastrocnemius.  Quintanilha  (95)  found  elevated  cytosolic  levels  of  SOD  in 
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the  rat  vastus  lateralis  following  training.  Girten  et  al.  (43)  and  Jenkins  (65)  demonstrated 
an  increase  in  total  SOD  in  the  rat  soleus  after  1 1 and  12  weeks  respectively  of  endurance 
training.  In  contrast,  Alessio  and  Goldfarb  (2)  and  Ji  et  al.  (67)  found  no  alteration  in  SOD 
activity  with  endurance  training  in  red,  white  vastus  and  whole  hindlimb,  respectively  in 
the  rat.  Catalase  has  been  reported  to  increase  (43),  remain  constant  (3,56)  or  decrease 
(76)  in  skeletal  muscle  following  endurance  training.  Overall,  a positive  correlation 
between  the  percentage  of  oxidative  fibers  in  a locomotor  skeletal  muscle  group  and 
antioxidant  enzyme  levels  (SO>FOG>FG)  has  recently  been  described  by  Laughlin  et  al. 
(76).  Data  from  our  laboratory  reveal  a similar  pattern  (unpublished  observations). 
Salminen  and  Vihko  (101)  and  Gohil  et  al.  (44)  report  unaltered  quadriceps  Vitamin  E 
status  following  treadmill  endurance  training  in  the  mouse,  whereas  Quintanilha  (95)  found 
a reduction  in  Vitamin  E in  the  vastus  lateralis  after  10  weeks  of  training  in  the  rat. 

An  important  antioxidant  defense  response  with  endurance  training  may  be  the 
increase  in  mitochondrial  volume  (25),  i.e.,  an  increase  in  the  number  of 
mitochondia/muscle  cell  volume.  The  result  is  a reduced  flux  and  lesser  ubiquinone 
reduced  state  in  trained  muscle  mitochondria  at  rest  and  during  exercise.  It  is  then  probable 
that  "metabolic  leaks"  and  therefore  free  radical  release  are  reduced.  In  fact,  mitochondrial 
volume  and  markers  such  as  citrate  synthase  and  ubiquinones  increase  with  endurance 
training  at  a faster  rate  than  the  antioxidant  enzymes  (44).  Yet  lipid  peroxidation  is 
decreased  following  endurance  training.  Further,  induced  selenium  deficiency  in  rats 
which  markedly  lowers  glutathione  peroxidase  activity  results  in  a compensatory  increase 
in  mitochondria  volume  (72).  Collectively,  these  observations  support  the  notion  that  free 
radical  signals  play  a role  in  active  skeletal  muscle  mitochondrial  biogenesis  with  endurance 
training. 
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Free  Radical  Toxicity  and  Skeletal  Muscle  Damage 

Oxyradical  toxicity  occurs  when  the  production  of  free  radicals  overwhelms  the 
capabilities  of  the  anitoxidant  systems  in  an  organ  system.  Such  a scenario  may  occur  in 
skeletal  muscle  with  ischemia/reperfusion  injury,  inflammation,  delayed-onset  muscle 
soreness,  muscular  dystrophy,  as  well  as  exercise.  Interest  in  free  radical  toxicity  by 
exercise  physiologists  stems  from  evidence  which  indicates  that  lipid  peroxidation  is 
increased,  skeletal  muscle  structure  disrupted,  activity  of  certain  metabolic  enzymes 
reduced,  and  sarcoplasmic  reticulum  and  mitochondrial  function  impaired  with  acute, 
strenuous  exercise.  It  is  important  to  emphasize  that  potential  contributory  mechanisms  in 
inducing  skeletal  muscle  pathology  with  acute  exercise  are  interactive.  Moreover, 
contribution  of  mechanistic  factors  depends  on  fiber  type  composition,  mode  of  exercise, 
intensity  and  duration  of  exercise,  training  state,  muscle  recruitment  pattern,  etc.  A review 
of  the  literature  indicates  that  a)  mechanical  disruption,  b)  Ca2+  homeostasis,  c)  arachidonic 
acid  metabolites  (leukotrienes  and  prostaglandins),  as  well  as  d)  free  radical  production  and 
antioxidant  status  act  in  an  integrated  manner  in  mediating  exercise-induced  muscle 
pathology  (5,14,34,68).  Exercise-induced  skeletal  muscle  pathology  may  result  in  one  or 
more  of  the  following:  membrane  disruption  and  peroxidation,  decrease  in  the  ability  of  the 
sarcoplasmic  reticulum  to  sequester  Ca2+,  disturbances  in  Ca2+  homeostasis,  mitochondrial 
swelling,  mitochondrial  disruption  and  loss,  inactivation  of  metabolic  enzymes,  release  of 
metabolic  enzymes  into  the  circulation,  and  myofibril  disruption  and  destruction. 

Eccentric  Exercise 

It  now  appears  that  damage  involving  lengthening  contractions  (eccentric  exercise) 
such  as  in  downhill  running  involves  different  distinct  mechanisms  and  phases.  Initial 
myofibril  damage  appears  to  be  mediated  primarily  by  disturbances  in  Ca2+  homeostasis 
primarily,  but  also  by  free  radical  production  (5,34,128).  Intracellular  enzyme  efflux  has 
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been  demonstrated  by  Duncan  and  Jackson  to  be  dependent  primarily  on  phospholipase  A2 
activity  and  leukotriene  production  (34).  Subsequent  proteolytic  activity  (24-48  hours 
post-exercise)  is  mediated  by  free  radicals,  leukocyte  infiltration,  and  Ca2+-activated 
proteases  (5,128).  The  proteolytic  phase  may  be  thought  of  as  the  first  step  in  muscle 
injury  repair,  as  damaged  skeletal  muscle  sarcomeres  are  digested. 

Biochemical  Alterations  with  Acyte  Exercise 

A number  of  reports  have  cited  biochemical  alterations,  which  could  be  critical  in 
skeletal  muscle  contractile  function,  as  a result  of  acute  exercise.  Inactivation  of  metabolic 
enzymes,  damage  to  cellular  membrane  lipids,  mitochondrial  dysfunction,  and 
sarcoplasmic  reticulum  dysfunction  have  been  reported  to  occur  in  locomotor  muscle  with 
an  acute  bout  of  exercise  (3,8,13,14,31,64,68).  It  seems  to  be  a reasonable  assumption 
that  if  free  radicals  are  contributory  to  fatigue  and  other  skeletal  muscle  pathology,  those 
affects  would  likely  be  manifested  as  physiologically  detrimental  alterations  such  as  cellular 
membrane  damage  and  metabolic  machinery  downregulation.  Such  "metabolic"  damage 
may  limit  the  production  and  utilization  of  ATP,  thus  limiting  work  during  exercise. 

Ji  et  al.  (68)  have  observed  significant  reductions  in  citrate  synthase,  cytochrome 
oxidase,  and  malate  dehydrogenase  activity  in  untrained  rats  following  60  minutes  of 
treadmill  running  at  27  m*min~l  and  15%  grade;  reduction  in  citrate  synthase  and  malate 
dehydrogenase  levels  were  less  in  trained  rats  at  this  work  load.  Bostrom  et  al.  (8)  have 
reported  marked  reductions  in  hexokinase  and  phosphofructokinase  levels  in  rats  after 
exhaustive  swimming  while  a trend  towards  a decrease  in  cytochrome  oxidase  activity  was 
not  significant.  Dohm  et  al.  (31)  have  noted  significant  reductions  in  NAD+-specific 
isocitrate  dehydrogenase,  succinate  dehydrogenase,  and  cytochrome  oxidase  following 
exhaustive  treadmill  running  in  trained  rats,  but  not  untrained  rats;  however  the  untrained 
rats  were  exercised  at  a much  lower  treadmill  speed  (18  rmmin'l  vs.  43  m»min~l)  and  were 
not  acclimated  to  treadmill  running. 
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Increases  in  stable  lipid  peroxidation  products  measured  as  cellular 
malondialdehyde  following  acute  exercise  have  been  reported  to  increase  by  Brady  et  al. 
(13)  and  Jenkins  et  al.  (65),  but  not  Ji  et  al.  (68).  Alessio  and  Goldfarb  (2)  have  found  an 
increase  in  malondialdehyde  content  of  white,  but  not  red,  skeletal  muscle  with  acute 
exercise  in  both  trained  and  untrained  rats.  It  should  be  noted  here  that  data  reported  for 
malondialdehyde  by  Ji  et  al.  (68)  were  for  red  vastus  lateralis  only.  Also,  the  mechanisms 
for  both  lipid  peroxidation  and  enzymatic  downregulation  are  parallel  and  interactive  but  not 
obligatory.  In  addition,  Byrd  et  al.  (14)  have  noted  an  acute  exercise  duration  dependent 
diminishment  in  rate  of  Ca2+  uptake  in  crude  homogenates  and  purified  sarcoplasmic 
reticulum  vesicles  indicating  SR  dysfunction.  Thus,  free  radical  production  during  acute 
exercise  can  result  in  enzymatic  and  cellular  membrane  alterations  in  structure  and  function. 
It  is  likely  that  intensity  of  exercise,  duration  of  exercise,  state  of  training,  recruitment  of 
the  muscle  in  question  during  exercise,  and  antioxidant  status  all  contribute  to  the  degree  of 
metabolic  damage  sustained  by  a muscle  with  a bout  of  acute  exercise. 

It  is  not  surprising  that  metabolic  enzymes  are  not  exempt  from  oxidative  damage 
due  to  free  radicals.  Inactivation  of  mitochondrial  enzyme  activity  may  be  due  to 
mitochondrial  membrane  disruption,  depression  of  protein  turnover,  and  direct  interaction 
of  free  radicals  on  enzymatic  protein  structure.  However,  Ji  et  al.  (68)  noted  no 
mitochondrial  leaking,  as  measure  by  the  presence  of  citric  acid  cyle  enzyme  in  the 
cytosolic  fraction,  in  rat  locomotor  muscle  following  exhaustive  treadmill  exercise.  Also, 
Teijung  et  al.  (120)  found  no  change  in  mitochondrial  yield  following  two  hours  of 
running  trained  rats  to  exhaustion.  The  authors  attributed  exhaustion  in  this  instance  to 
glycogen  depletion.  Disturbances  in  cellular  homeostasis  and  mechanical  perturbation  of  the 
muscle  may  activate  protease  and  lysosomal  activity  (68).  Protein  tryptophan,  tyrosine, 
histidine,  methionine,  and  cysteine  residues  are  susceptible  to  free  radical  attack.  The 
cysteine  sulfhydryl  group  (-SH;  thiol)  is  especially  vulnerable  to  peroxide  oxidation 
(49,68).  Intact  sulfhydryl  groups  are  essential  for  the  catalytic  properties  of  many 
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metabolic  enzymes  (68).  Exposed  enzyme  sulfhydryl  groups  may  be  oxidized  to  form 
disulfide  bonds  or  sulfonic  acid.  Ji  et  al.  (68)  have  found  that  a portion  of  the  enzymatic 
downregulation  or  inactivation  with  acute  exercise  is  due  to  oxidation  of  sulfhydryl  groups. 
In  addition,  it  is  likely  that  cellular  proteins  which  are  substantially  altered,  as  by  free 
radical  damage,  are  more  susceptible  to  proteolytic  and  lysosomal  degradation  (97).  Lipid 
peroxidation  can  produce  stable  products  which  can  be  measured  systemically  in  expired  air 
(pentane  and  ethane)  or  locally  in  tissue  samples  (malondialdehyde)  (64). 

Aging  and  Respiratory  Muscle  Considerations 

Currently  there  is  a paucity  of  literature  concerning  antioxidant  status  and  exercise 
induced  free  radical  damage  in  skeletal  muscle  with  aging.  Further  information  is  lacking 
in  terms  of  free  radical  production  and  management  in  respiratory  muscles.  Ji  et  al.  (66) 
have  reported  that  in  sedentary  aged  Wistar  rats  that  skeletal  muscle  lipid  peroxidation  and 
antioxidant  enzyme  levels  are  increased.  However,  this  is  not  consistent  with  data  collected 
concerning  age-related  alteration  in  lipid  peroxidation  and  glutathione  peroxidase  levels  by 
Starnes  et  al.  (117)  and  Zhang  et  al.  (129)  respectively.  Wu  et  al.  (126)  found  lower  GPX 
activity  in  the  vastus  lateralis  of  untrained  27  vs.  5 month  old  Fischer-344  rats.  However, 
the  vastus  lateralis  GPX  levels  of  27  month  old  rats  after  10  weeks  of  training  was 
equivalent  with  the  5 month  untrained  group  (126).  Zerba  and  Faulkner  (128)  have  found 
an  increased  contribution  of  free  radical  mechanisms  to  muscle  damage  following 
lengthening  contractions  in  older  animals.  However,  it  is  not  known  if  older  animals  are 
more  susceptible  to  muscle  myofibril  and  metabolic  damage  due  to  an  acute  bout  of  uphill 
running. 

Moreover,  there  are  no  reports  concerning  respiratory  muscles  in  senescent  animals 
concerning  acute  exercise  induced  alterations  in  lipid  peroxidation  and  metabolic  enzyme 
status.  Although  free  radical  related  cytotoxicity  in  vitro  (105)  and  fatigue,  under 
hyperoxic  conditions  (107),  have  been  reported  in  the  diaphragm,  specific  biochemical 
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alterations  such  as  lipid  peroxidation  and  metabolic  enzyme  alterations  following  exercise 
have  not  been  investigated.  Moreover,  such  responses  in  senescent  animals  are  unknown. 
Work  of  breathing  increases  with  age  in  humans  (21,35)  as  a result  of  decreased 
mechanical  compliance  and  increase  airway  resistance.  We  have  observed  in  our  laboratory 
(unpublished  data)  that  the  diaphragm  possesses  higher  antioxidant  enzyme  levels  when 
compared  with  the  plantaris.  However,  the  significance  of  this  protection  is,  as  yet, 
unclear  including  any  possible  interaction  with  age. 


METHODS 


Animals  and  Exercise  Protocol 

To  study  the  effects  of  an  acute  bout  of  submaximal  exercise  on  free  radical 
mediated  alterations  in  metabolic  and  antioxidant  enzymes  as  well  as  lipid  peroxidation  in 
the  diaphragm,  young  and  old  rats  performed  40  minutes  of  treadmill  exercise  using  the 
following  procedures.  Twenty  24  month  old  and  twenty  4 month  old  female  Fisher  344 
rats  who  demonstrated  willingness  to  run  on  a treadmill  comprised  the  aged  and  young 
groups,  respectively.  Inbred  animals  were  purchased  from  Harlan  Sprague-Dawley  (NLA 
colony),  and  were  housed  and  cared  for  in  accordance  with  American  Physiological  Society 
policy.  All  animals  participated  in  a treadmill  habituation  period  which  consisted  of  10 
consecutive  days  of  treadmill  running  at  10%  grade  for  5 mimday'1.  During  the 
acclimation  period,  older  animals  ran  at  a treadmill  speed  of  10-15  mimin'1;  the  younger 
animals  were  acclimated  at  a treadmill  speed  of  16-22.5  mimin'1.  Data  from  Ji  et  al.  (68) 
as  well  as  our  laboratory  (unpublished  observations)  reveal  that  skeletal  muscle  metabolic 
enzyme  are  unaffected  by  such  a treadmill  habituation  protocol.  Following  the  acclimation 
period,  20  animals  in  each  age  group  were  randomly  assigned  to  either  exercise,  old 
exercised  (OE:  n=10)  and  young  exercised  (YE:  n=10);  or  control  (old  control  (OC:  n=10) 
and  young  control:  (YC:  n=10))  groups. 

The  acute  bout  of  exercise  was  performed  on  each  animal  48  hours  after  the  final 
day  of  acclimation.  The  treadmill  speed  and  grade  were  designed  to  require  -75%  of  the 
age-group  V02max.  These  workrates  were  chosen  based  upon  treadmill  maximal  oxygen 
consumption  and  02  cost  of  running  data  recently  collected  in  our  laboratory  in  untrained 
young  adult  and  aged  female  Fischer-344  rats  from  the  same  colony  and  inbred  strain. 

The  acute  exercise  protocol  consisted  of  40  minutes  of  uphill  treadmill  running  at  -14.5 
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mimin'1  (10%  grade)  for  the  24  month  old  rats  and  -22.0  nvmin'1  (10%  grade)  for  the 
young  group.  Mild  electric  shock  (<1  mA)  was  used  to  encourage  animals  to  run.  Four, 
24  month  and  two,  4 month  old  animals  could  not  complete  the  full  40  minutes  of  treadmill 
exercise.  However,  all  animals  completed  over  30  minutes  of  work  and  were  included  in 
data  analysis. 

Immediately  following  completion  of  treadmill  exercise,  each  animal  was 
euthanized  with  sodium  pentobarbital  (100  mg'kg"1  i.p.).  At  the  time  of  sacrifice,  control 
animals  were  euthanized  as  matched  pairs  with  the  exercised  animals.  The  costal  and  crural 
diaphragm,  plantaris,  gastrocnemius  and  soleus  muscles  were  quickly  removed.  These 
tissues  were  immediately  placed  in  ice-cold  Ringer  solution  and  dissected  from  fat  and 
connective  tissue.  At  that  time  the  red  and  white  portions  of  the  gastrocnemius  were 
separated.  All  tissues  were  then  frozen  immediately  in  liquid  nitrogen  and  stored  at  -80°C 
until  analyses.  Time  for  muscle  excision,  dissection,  and  freezing  was  <5  minutes. 

Biochemical  Preparation  and  Assays 


Homogenization  Procedure 

Tissues  were  homogenized  in  100  mM  potassium  phosphate  buffer  (pH=7.4) 
containing  0.05%  bovine  serum  albumin  (BSA),  10  mM  EDTA,  0.13  mM  butylated 
hydroxytoluene  (BHT),  and  0.13  mM  desferrioxamine.  The  addition  of  EDTA,  BHT 
(antioxidant),  desferrioxamine  (iron  chelator)  to  the  buffer  was  designed  to  minimize 
oxidation  of  lipid  membranes,  enzymes  and  substrates  during  the  homogenization  and 
assay  procedures  (51).  Pilot  data  revealed  higher  enzyme  activity  levels  for  the  above 
buffer  solution  vs.  potassium  phosphate  buffer  and  BSA  alone.  Homogenization  was 
performed  at  0-5°C  and  included  15  second  treatment  with  a Ultra-Turrax  T25  tissue 
homogenizer  (IKA- Works,  Cincinnati)  followed  by  10  passes  with  a tight  fitting  glass-on- 
teflon  Potter-Elvehjem  homogenizer.  The  homogenates  were  the  centrifuged  at  3°C  at  400g 
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for  10  minutes  to  remove  cellular  debris.  This  procedure  has  been  demonstrated  as 
proficient  in  mitochondrial  disruption  of  rat  skeletal  muscle  (77). 

Biochemical  Assays 

Phosphofructokinase  (PFK)  activity  was  determined  using  the  procedure  by  Shonk 
et  al.  (108).  Mitochondrial  enzymes  activities  were  performed  as  follows:  citrate  synthase 
(CS)  activity  was  assayed  using  the  method  of  Srere  (116);  3-hydroxyacyl-CoA- 
dehydrogenase  (HADH)  activity  was  determined  via  the  technique  of  Bass  et  al.  (7);  and 
succinate  dehydrogenase  (SDH)  activity  was  assayed  using  the  method  of  Singer  (109). 
The  activity  of  antioxidant  enzymes  glutathione  peroxidase  and  superoxide  dismutase  were 
determined  using  the  techniques  of  Flohe  and  Gunzler  (36)  and  Marklund  and  Marklund 
(81),  respectively.  Lipid  peroxidation  was  estimated  via  thiobarbituric  acid  assay  for 
malondialdehyde  (MDA)  as  described  by  Ohkawa  et  al.  (88).  Protein  content  was  assessed 
via  dye-binding  using  the  Bradford  technique  (12).  If  enzyme  inactivation  occurred 
dithiothreitol  (a  thiol  reagent)  was  administered  in  select  samples  to  assess  potentially 
reversible  inhibition.  Selected  muscle  samples  were  incubated  for  25  minutes  in  ImM 
dithiothreitol  and  reassayed.  Diothiothreitol  can  reduce  reversible  disulfide  cross-linking  to 
reform  sulfhydryl  groups  in  enzymes  (68).  Disulfide  cross-linking  may  occur  via 
thiol/disulfide  exchange  or  oxidation  mechanisms,  and  can  alter  protein  3-dimensional 
conformation  as  well  as  enzymatic  active  sites. 

Data  Analysis 

A three-way  (6x2x2)  analysis  of  variance  (ANOVA)  for  tissues,  age,  and  exercise 
treatment  was  performed  on  the  obtained  data  to  determine  if  significant  main  and 
interactive  effects  exist,  with  Fisher-PLSD  test  used  post-hoc  where  appropriate.  In 
addition,  Pearson-product  moment  correlation  coefficient  analyses  were  performed  among 
all  measured  variables  across  all  tissues  and  experimental  groups.  Level  of  significance 
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was  set  at  <0.05.  Data  were  reported  in  figures  as  the  means  ± standard  error  of  the 
means. 


RESULTS 


Body  weights  (mean  ± SEM)  of  the  control  animals  did  not  differ  from  the 
exercised  animals  in  either  the  4 month  (YC  = 207.6  ± 1 1.8g;  YE  = 200.3  ± 17. Og  or  the 
24  month  (OC  = 296.3  ± 23.4g;  OE  = 287.2  ± 20.7g)  old  rats.  However  the  24  month  old 
rats  had  significantly  (PcO.OOl)  higher  body  weights  than  the  4 month  old  rats  when  data 
were  pooled  by  age. 


Bioenergetic  Enzymes 

Phosphofructokinase  activity  displayed  significant  main  effects  for  exercise,  age, 
and  muscle.  In  the  white  gastrocnemius  the  exercised  groups  of  both  4 month  and  24 
month  had  significantly  lower  PFK  values  than  controls  (Figure  1).  PFK  activities  in  the 
white  gastrocnemius  were  significantly  reduced  32.6%  and  60.2%  by  exercise  in  the  young 
and  old  animals,  respectively.  The  older  exercised  group  (OE)  had  significantly  lower 
activities  (by  41.2%)  in  the  red  gastrocnemius  compared  to  controls  (OC)  as  well.  The  YE 
group  displayed  a trend  (20.8%  lower)  toward  decreased  PFK  activity  levels  in  the  red 
gastrocnemius  than  control  (YC)  but  was  not  significant.  Note  that  a survey  of  individual 
responses  revealed  that  some  YE  red  gastrocnemius  muscles  displayed  "downregulation" 
(i.e.,  > 2 std.  dev.  from  YC  mean)  whereas  others  did  not.  A portion  (4  in  red  gastroc.;  4 
in  white  gastroc)  of  the  muscle  samples  which  displayed  PFK  inactivation  were  incubated 
in  ImM  dithiothreitol  and  reassayed.  Dithiothreitol  had  minimal  impact  upon  PFK 
activities  in  the  exercised  gastrocnemius  samples  reassayed;  only  -10%  recovery  was 
noted.  No  significant  exercise  effects  on  PFK  activity  existed  in  the  costal  or  crural 
diaphragm,  the  plantaris,  or  the  soleus.  PFK  activity  levels  were  higher  for  the  costal  and 
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crural  diaphragm  than  in  the  soleus;  however  PFK  activities  in  the  costal  and  crural 
diaphragm  were  significantly  lower  than  in  the  red  or  white  gastrocnemius. 

In  contrast,  measurements  of  citrate  synthase  and  3-hydroxyacyl-CoA- 
dehydrogenase  enzyme  activities  (Figures  2 and  3)  displayed  no  significant  effects  due  to 
acute  treadmill  exercise  in  costal  diaphragm,  crural  diaphragm,  plantaris,  red 
gastrocnemius,  white  gastrocnemius  or  soleus.  Citrate  synthase  activity  was  significantly 
lower  for  the  red  gastrocnemius  in  the  24  month  when  compared  to  the  4 month  old  rats. 
No  main  effect  for  age  was  found  for  3-hydroxyacyl-CoA-dehydrogenase.  In  addition,  no 
alterations  in  SDH  activity  with  acute  exercise  were  noted  in  the  costal  or  crural  diaphragm 
(data  not  shown). 


Antioxidant  Enzymes 

Data  for  glutathione  peroxidase  activities  are  shown  in  Figure  4.  A significant 
overall  age  and  tissue  effect  were  found  for  GPX.  Twenty-four  month  old  animals 
possessed  significantly  higher  GPX  activities  than  young  animal  in  the  plantaris  and  white 
gastrocnemius.  The  costal  and  crural  diaphragm  had  GPX  activity  levels  approximately 
300%  higher  than  the  plantaris.  In  addition  there  was  a large,  significant  discrepancy  for 
GPX  levels  among  the  remaining  locomotor  muscles  with  soleus  > red  gastrocnemius  > 
white  gastrocnemius.  Significantly  higher  GPX  activities  were  found  in  the  plantaris  for 
both  exercise  groups  (OE  and  YE)  when  compared  to  the  respective  controls  (OC  and  YC). 
In  addition,  white  gastrocnemius  YE  glutathione  activity  levels  were  significantly  higher 
than  YC.  In  contrast,  GPX  enzyme  activities  were  not  significantly  different  in  the  white 
gastrocnemius  between  OE  and  OC.  A significant  age  x exercise  interaction  for  GPX 
activity  existed  in  the  red  gastrocnemius.  No  alterations  due  to  exercise  or  age  for  GPX 
were  found  in  the  costal  or  crural  diaphragm.  Further,  acute  exercise  had  no  effect  on 
soleus  GPX  levels  for  both  4 and  24  month  old  animals. 
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ANOVA  demonstrated  significant  exercise  and  tissue  main  effects  for  total 
superoxide  dismutase  activity  (Figure  5);  no  significant  main  effects  for  age  (4  mo.  vs.  24 
mo.)  were  noted.  Overall  exercised  animals  displayed  significantly  higher  mean  SOD 
activities  than  controls.  However,  subsequent  post-hoc  analysis  with  respect  to  SOD 
activity  revealed  no  significant  differences  between  corresponding  exercised  and  control 
groups  within  any  specific  tissue;  however,  the  largest  exercise-induced  trends  in  SOD 
activity  were  in  the  following  YE  groups  when  compared  to  YC:  the  crural  diaphragm 
(26.6%  increase),  plantaris  (12.6%  increase),  white  gastrocnemius  (12.5%  increase),  and 
soleus  (13.9%  increase). 

In  addition,  citrate  synthase/glutathione  peroxidase  ratio  was  significantly  lower  in 
the  old  rats  vs.  young  rats  for  the  costal  diaphragm,  plantaris,  white  gastrocnemius,  red 
gastrocnemius,  and  soleus.  Thus,  age  appears  to  have  an  antioxidant  enzyme- specific 
effect  in  the  skeletal  muscles  measured. 

Lipid  Peroxidation 

Malondialdehyde  levels  in  the  tissues  studied  are  presented  in  Figure  6.  Significant 
overall  exercise  and  tissue  main  effects  were  revealed  for  MDA.  In  addition,  a significant 
overall  age  x tissue  interaction  was  present.  In  the  costal  diaphragm  YE  had  greater  MDA 
levels  than  YC  whereas  no  effect  was  found  for  the  old  rats.  Also,  red  gastrocnemius 
MDA  levels  were  higher  for  YE  when  compared  to  Y C;  again,  no  exercise  effect  was  found 
between  OE  and  OC.  The  trend  towards  higher  MDA  levels  in  YE  vs.  YC  was  not 
significant.  Note  that  tissue  means  for  MDA  displayed  patterns  similar  to  that  found  for 
GPX  in  locomotor  muscles.  Finally,  MDA  levels  for  the  diaphragm  were  significantly  less 
than  in  the  red  gastrocnemius. 
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Correlations 

A correlation  coefficient  matrix  for  all  measure  variables  is  found  in  table  1 for 
combined  data  across  all  tissues  assayed  (costal  and  crural  diaphragm,  plantaris,  white  and 
red  gastrocnemius,  and  soleus).  All  correlation  coefficients  discussed  below  were 
significant  (P<0.05).  The  high  degree  of  relationship  noted  among  the  mitochondrial  citric 
acid  cycle  (CS,  SDH)  and  B-oxidation  (HADH)  enzyme  activities  (CS  vs.  SDH:  r=.882; 

CS  vs.  HADH:  r=.916;  SDH  vs.  HADH:  r=.895)  is  similar  to  numerous  previous  reports 
involving  skeletal  muscle.  The  activity  of  the  rate  limiting  enzyme  for  glycolysis,  PFK, 
was  negatively  correlated  with  all  other  markers.  The  highest  degree  of  association  for 
PFK  vs.  other  markers  was  found  in  comparison  with  the  antioxidant  markers 
GPX  (r=-.607)  and  SOD  (r=-.522).  A comparison  of  GPX  and  SOD  revealed  a significant 
correlation  coefficient  across  all  tissues  of  r = 0.743.  The  lipid  peroxidation  marker  MDA 
possessed  significant  correlations  with  GPX  (r=.674),  SOD  (r=.373),  and  PFK  (r=-.394), 
but  not  HADH,  CS,  or  SDH.  As  glutathione  peroxidase  can  reduce  hydroperoxides 
produced  with  lipid  peroxidation,  it  is  not  surprising  that  GPX  and  MDA  have  a moderately 
high  degree  of  relationship  (r=.678).  In  addition,  significant  correlations  across  all  tissues 
were  found  for  SOD  when  compared  to  the  mitochondrial  bioenergetic  enzymes  CS 
(r=.619),  SDH  (r=.543),  and  HADH  (r=.743).  Finally,  significant  correlations  across  all 
tissues  were  found  for  GPX  when  compared  to  the  oxidative  metabolic  enzymes  CS 
(r=.297),  SDH  (r=.299),  and  FIADH  (r=.561).  Thus,  in  general,  the  activity  of  SOD  is 
more  representative  of  markers  of  oxidative  metabolism  as  well  as  GPX  activity;  and  GPX 
activity  is  more  closely  associated  with  the  measured  marker  of  lipid  peroxidation  as  well 
SOD  activity. 
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Significant  Main  Effects 
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Figure  1.  Phosphofructokinase  activities  (mean  ± SEM)  expressed  in  nM  substrate 
converted  per  minute  per  mg  protein  for  costal  (costal  dia)  and  crural  (crural  dia) 
diaphragm,  plantaris,  white  gastrocnemius  (w.  gastr),  red  gastrocnemius  (r.gastr),  and 
soleus  muscles  for  young  control  (YC),  young  exercised  (YE),  old  control  (OC),  and  old 
exercised  (OE).  * denotes  significandy  different  from  exercised  (P<0.05). 
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Figure  2.  Citrate  synthase  activities  (mean  ± SEM)  expressed  in  nM  substrate 
converted  per  minute  per  mg  protein  for  costal  (costal  dia)  and  crural  (crural  dia) 
diaphragm,  plantaris,  white  gastrocnemius  (w.  gastr),  red  gastrocnemius  (r.gastr),  and 
soleus  muscles  for  young  control  (YC),  young  exercised  (YE),  old  control  (OC),  and  old 
exercised  (OE). 
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Figure  3.  3-Hydroxyacyl-CoA  dehydrogenase  activities  (mean  ± SEM)  expressed 
in  nM  substrate  converted  per  minute  per  mg  protein  for  costal  (costal  dia)  and  crural 
(crural  dia)  diaphragm,  plantaris,  white  gastrocnemius  (w.  gastr),  red  gastrocnemius 
(r.gastr),  and  soleus  muscles  for  young  control  (YC),  young  exercised  (YE),  old  control 
(OC),  and  old  exercised  (OE). 
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Figure  4.  Glutathione  peroxidase  activities  (mean  ± SEM)  expressed  in  nM 
substrate  converted  per  minute  per  mg  protein  for  costal  (costal  dia)  and  crural  (crural  dia) 
diaphragm,  plantaris,  white  gastrocnemius  (w.  gastr),  red  gastrocnemius  (r.gastr),  and 
soleus  muscles  for  young  control  (YC),  young  exercised  (YE),  old  control  (OC),  and  old 
exercised  (OE).  * denotes  significandy  different  from  exercised  (P<0.05). 
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Figure  5.  Superoxide  dismutase  activities  (mean  ± SEM)  expressed  in  nM 
substrate  converted  per  minute  per  mg  protein  for  costal  (costal  dia)  and  crural  (crural  dia) 
diaphragm,  plantaris,  white  gastrocnemius  (w.  gastr),  red  gastrocnemius  (r.gastr),  and 
soleus  muscles  for  young  control  (YC),  young  exercised  (YE),  old  control  (OC),  and  old 
exercised  (OE). 
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Figure  6.  Malondialdehyde  concentrations  (mean  ± SEM)  expressed  in  nM  per 
gram  wet  weight  for  costal  (costal  dia)  and  crural  (crural  dia)  diaphragm,  plantaris,  white 
gastrocnemius  (w.  gastr),  red  gastrocnemius  (r.gastr),  and  soleus  muscles  for  young 
control  (YC),  young  exercised  (YE),  old  control  (OC),  and  old  exercised  (OE).  * denotes 
significantly  different  from  exercised  (P<0.05). 
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Table  1.  Correlation  coefficient  matrix  for  malondialdehyde  (MDA),  glutathione 
peroxidase  (GPX),  superoxide  dismutase  (SOD),  3-hydroxyacyl-CoA-dehydrogenase 
dehydrogenase  (HADH),  citrate  synthase  (CS),  succinate  dehydrogenase  (SDH),  and 
phosphofructokinase  (PFK).  Data  is  combined  for  costal  and  crural  diaphragm,  red  and 
white  gastrocnemius,  plantaris  and  soleus.  All  correlations  are  statistically  significant 
except  for  MDA  vs.  HADH,  MDA  vs.  SDH,  and  MDA  vs.  SOD. 


Correlation  matrix 


MDA 

GPX 

SOD 

HADH 

CS 

SDH 

PFK 

MDA 

1 

GPX 

.678 

1 

SOD 

.377 

.743 

1 

HADH 

.132 

.561 

.743 

1 

CS 

-.045 

.297 

.61  9 

.916 

1 

SDH 

-.088 

.299 

.543 

.895 

.882 

1 

PFK 

-.392 

-.607 

-.522 

-.362 

-.225 

-.16 

1 

DISCUSSION 


The  current  data  demonstrate  that  metabolic  enzyme  activities  (PFK,  CS,  HADH, 
SDH)  of  both  the  costal  and  crural  diaphragm  are  protected  from  downregulation  in  both 
young  and  old  rats  during  40  minutes  of  treadmill  running  (10%  uphill  grade)  at  -75% 
V02max.  In  contrast,  significant  downregulation  of  phosphofructokinase  activity  (not 
reversible  by  dithiothreitol)  occurred  with  this  level  of  acute  exercise  in  the  red  (OE)  and 
white  (YE  and  OE)  gastrocnemius  but  not  the  plantaris  or  soleus.  The  degree  of 
downregulation  of  PFK  was  greater  in  the  old  exercised  than  in  young  exercised  groups 
when  compared  to  age-matched  control  animals.  The  mitochondrial  metabolic  enzyme 
activities  measured  (CS  and  HADH)  were  not  compromised  by  acute  exercise  for  both  age 
groups  in  costal  and  crural  diaphragm,  plantaris,  white  and  red  gastrocnemius,  and  soleus. 
Finally,  tissue  malondialdehyde  is  increased  with  acute  treadmill  exercise  to  a lesser  extent 
in  old  than  in  young  rats.  A brief  discussion  of  the  preceding  principal  findings  follows. 

Mean  levels  of  the  lipid  peroxidation  marker,  malondialdehyde,  were  increased  in 
the  YE  costal  diaphragm  by  31.4%  when  compared  with  YC  (Figure  6);  however,  no  such 
exercise-induced  increases  in  diaphragmatic  MDA  levels  were  found  in  OE.  This  suggests 
that  in  young  animals  an  exercise-induced  increase  in  lipid  peroxidation  in  the  diaphragm  (a 
likely  a result  of  an  elevation  in  free  radical  production)  occurs  with  40  minutes  of  exercise 
at  -75%  V02max.  Concomitantly  small  downward  trends  (-7%)  in  YE  when  compared  to 
VC  for  PFK,  CS,  and  HADH  with  the  current  acute  exercise  protocol  for  the  diaphragm. 
Although  the  aforementioned  trends  were  neither  statistically  or  physiologically  significant, 
it  is  unknown  if  downregulation  of  metabolic  enzymes  is  manifested  in  the  diaphragm  at 
higher  work  intensities  and/or  duration.  Further  study  is  warranted. 

Overall,  the  data  indicate  an  effective  antioxidant  strategy  in  the  rat  diaphragm  to 
quench  free  radical  production  and  to  protect  metabolic  enzymes  from  damage  with  the 
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current  exercise  regimen.  Bioenergetic  enzyme  protection  from  exercise-induced 
alterations,  noted  in  the  current  investigation,  in  the  diaphragm  stems  from  at  least  three 
factors:  1)  high  antioxidant  enzyme  status  (Figures  4 and  5);  2)  relatively  large 
mitochondrial  volume  in  the  diaphragm  (as  indicated  by  high  CS  and  HADH  activities: 
Figures  2 and  3)  compared  to  locomotor  muscle;  and  3)  oxygen  cost  of  breathing  in  the 
diaphragm  during  the  prescribed  exercise  vs.  oxygen  cost  of  running  in  the  locomotor 
muscles.  A large  mitochondrial  volume  (i.e.,  high  number  of  mitochondria)  in  muscle 
provides  indirect  protection  as  suggested  by  Davies  et  al.  (25).  A higher  mitochondrial 
volume  per  cross-sectional  area  of  muscle  results  in  a lower  O2  flux  per  individual 
mitochondria  at  any  given  tissue  oxygen  consumption.  As  free  radical  production  by  the 
electron  transport  chain  is  directly  related  to  mitochondrial  O2  flux  and  concomitant 
ubiquinone  reduction  state  (10),  a given  tissue  oxygen  consumption  in  muscles  with  higher 
mitochondrial  volume  theoretically  translates  into  a lower  release  of  free  radicals. 

Although  it  appears  that  major  energy  producing  pathway  enzymes  were  not 
compromised  in  the  diaphragm,  sarcoplasmic  reticulum  function,  membrane  transport 
proteins,  Ca2+  homeostasis,  and  whole  mitochondrial  function  were  not  assessed  in  the 
diaphragm.  Thus,  it  is  not  possible  to  state  that  the  metabolic  system  of  the  diaphragm  in 
toto  was  not  "injured"  with  the  prescribed  bout  of  acute  exercise. 

Partial  inactivation  of  phosphofructokinase  with  acute  exercise  (Figure  1)  in  the 
white  and  red  gastrocnemius,  but  not  the  soleus  (as  well  as  the  diaphragm)  indicates  tissue 
specificity  of  "metabolic  injury"  at  the  exercise  intensity  and  duration  used  in  the  current 
study.  The  tissue  specific  effects  of  PFK  downregulation  with  acute  exercise  among  the 
locomotor  muscles  measured  are  likely  related  to  1)  tissue  specific  activities  of  the 
antioxidant  enzymes  superoxide  dismutase  (Figure  5)  and  glutathione  peroxidase  (Figure 
4),  and  2)  degree  of  muscle  recruitment  and  consequent  metabolic  load  during  the 
prescribed  level  and  intensity  of  exercise.  The  high  levels  of  SOD  and  GPX  found  in  the 
soleus,  which  has  marked  increases  in  blood  flow  during  prolonged  work  (74),  may 
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provide  substantial  protection  of  metabolic  enzymes  from  free  radical  toxicity.  The  red 
gastrocnemius  is  heavily  recruited  during  submaximal  work  (74,75),  but  has  lower  SOD 
and  GPX  activities  (Figures  5 and  4). 

In  addition,  elevated  malondialdehyde  levels  in  the  red  gastrocnemius  were  noted  in 
YE  when  compared  to  YC  (Figure  6).  Thus,  sustained  submaximal  exercise  greatly 
stresses  the  oxygen  intermediate  management  system  of  the  red  gastrocnemius.  Blood 
flow  and  recruitment  increases  markedly  in  the  white  gastrocnemius  (74)  during  heavy 
work,  but  less  so  with  moderate  sustained  work.  However,  antioxidant  enzyme  activities 
(SOD  and  GPX)  as  well  as  mitochondrial  enzyme  activities  (CS  and  HADH)  were  found  to 
be  very  low  in  the  white  gastrocnemius.  The  combination  of  low  antioxidant  enzyme 
activity  levels  coupled  with  a low  mitochondrial  volume  could  make  the  white 
gastrocnemius  highly  susceptible  to  free  radical  toxicity  with  strenuous  exercise.  Further, 
importance  of  antioxidant  enzyme  levels  on  is  illustrated  by  the  current  data  set,  as  follows. 
The  degree  of  PFK  downregulation  (Figure  1)  was  inversely  related  with  the  antioxidant 
status  of  the  white  gastrocnemius,  red  gastrocnemius  and  soleus.  Thus,  the  susceptibility 
of  PFK  downregulation  in  locomotor  muscle,  with  the  current  exercise  protocol,  as  a 
function  of  fiber  type  could  be  expressed  as  the  following:  FG  > FOG  > SO.  Allosteric 
modifiers  of  PFK  in  vivo  (H+,  ATP,  ADP,  citrate,  cellular  oxidized  thiol/disulfide  ratio) 
may  further  alter  PFK  downregulation  with  acute  exercise. 

Potentially,  phosphofructokinase  is  highly  susceptible  to  free  radical  attack  and 
subsequent  proteolytic  degradation  as  it  has  a high  number  of  exposed  sulfhydryl  groups 
(7- 1 6)  in  mammalian  species  (73).  Dithiothreitol  did  not  appear  to  reactivate  down 
regulated  PFK  activity  in  the  gastrocnemius;  this  could  indicate  that  the  phenomenon  is  not 
exclusively  a result  of  reversible  thiol/disulfide  exchange,  an  important  metabolic  control 
mechanism  for  PFK.  Therefore,  exercise  may  have  elicited  a specific  protein  loss  in  the 
gastrocnemius  via  Ca2+-activated  proteolytic  degradation  (23)  of  damaged  PFK  molecules 
and/or  irreparable  damage  (via  free  radicals  mediated  biochemistry  and/or  another 
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mechanism)  specific  to  PFK.  Recent  evidence  by  Byrd  et  al.  (14)  indicates  a diminished 
ability  of  gastrocnemius  and  vastus  lateralis  sarcoplasmic  reticulum  to  sequester  Ca2+ 
during  sustained  (>20  minutes)  work  in  rats.  Resultant  alterations  in  cellular  Ca2+ 
homeostasis  could  theoretically  exacerbate  and/or  initiate  free  radical  pathology  in  skeletal 
muscle  as  well  as  activate  Ca2+-dependent  proteases  (16,23)  which  could  irreversibly 
degrade  free-radical  and/or  age  weakened  proteins. 

As  previously  mentioned,  reduction  of  PFK  activity  in  the  gastrocnemius  (Figure  1) 
with  acute  treadmill  exercise  was  greater  for  24  month  old  rats  when  compared  with  4 
month  old  rats.  Although  both  YE  and  OE  exercised  at  ~75%  of  respective  age  group 
V02max,  the  absolute  treadmill  speeds  (thus  workrates  and  metabolic  cost)  were  higher  for 
the  YE  group  (14.5  mnrnn-1)  when  compared  to  OE  (22.0  mimin’1).  Indeed,  exercise- 
induced  alterations  in  antioxidant  enzyme  activities  (SOD  and  GPX)  and  lipid  peroxidation 
(MDA)  were  more  pronounced  in  gastrocnemius  YE  than  OE  when  compared  to  respective 
control  groups.  This  evidence  suggests  that  free  radical  production  may  be  more  closely 
related  to  absolute  than  to  relative  workrates. 

It  is  tempting  to  speculate  that  the  heightened  susceptibility  of  gastrocnemius  PFK 
to  exercise-induced  downregulation  in  senescent  animals  may  be  related  to  a "structurally 
weak"  native  enzyme.  Senescent  animals  produce  markedly  more  proteins  which  have 
errors  in  amino  acid  sequencing  (98).  Therefore,  it  is  possible  that  in  older  animals 
possess  a greater  number  of  PFK  molecules  with  error(s)  in  native  protein  sequence  and 
structure  which  have  some  or  all  of  the  activity.  Further,  such  "weakened"  proteins  could 
be  more  susceptible  to  free  radical  attack  and  protein  degradation.  Additional  research  is 
needed  to  unravel  this  puzzle. 

Although,  PFK  activity  was  inhibited  in  the  gastrocnemius,  the  mitochondrial  (CS 
and  HADH)  enzyme  activities  were  not  affected  by  a bout  of  acute  exercise.  This  indicates 
an  bioenergetic  enzyme-specific  downregulation  was  induced  by  the  prescribed  treadmill 
exercise  in  young  and  old  female  Fischer-344  rats.  Other  authors  have  reported  inhibition 
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of  mitochondrial  enzymes  (8,31,46,68)  and  mitochondrial  function  (32,46)  with  a bout  of 
acute  exercise.  Discrepancies  between  the  current  study  and  other  investigations  which 
have  reported  inactivation  of  mitochondrial  enzymes  may  be  explained  as  follows.  Those 
studies  that  have  found  disturbances  in  mitochondrial  function  and  mitochondrial  enzyme 
activity  employed  protocols  which  elicit  exhaustion  in  rats  (68)  or  exercise  protocols  of 
higher  intensity  (46)  and  duration  (8,31,68).  Further,  state  of  training  influences 
susceptibility  of  mitochondrial  enzymes  to  downregulation  (8,68).  Finally,  metabolic 
enzyme-specificity  of  downregulation  with  acute  exercise  may  be  related  to  enzyme 
location:  PFK  is  a cytosolic  enzyme;  CS,  SDH,  and  HADH  are  mitochondrial.  In  such  a 
model,  free  radical  production  during  acute  exercise  in  active  muscle  by  the  sarcoplasmic 
reticulum  and/or  muscle  microvascular  endothelium  (via  xanthine  oxidase:  ref.  110)  would 
have  significant  functional  importance  in  damaging  cytosolic  components. 

In  summary,  phosphofructokinase  activity  was  found  to  be  inhibited  with  a bout  of 
acute  exercise  in  the  white  and  red  gastrocnemius  in  senescent  female  Fischer-344  rats. 

The  degree  of  exercise-induced  PFK  downregulation  in  both  white  and  red  gastrocnemius 
was  less  in  the  young  adult  group.  The  degree  of  inhibition  was  greater  in  the  white 
gastrocnemius  when  compared  to  the  red  gastrocnemius.  It  should  be  noted  that  in  vivo, 
during  exercise,  PFK  inhibition  may  be  proportionally  greater  in  YE  and  OE  due  to 
allosteric  inhibition  of  both  increased  muscle  [H+]  and  more  oxidized  thiol/disulfide  ratio. 
In  addition,  the  diaphragm  was  adequately  protected  form  metabolic  enzyme 
downregulation  at  the  current  exercise  intensity  and  duration.  Finally,  mitochondrial 
enzyme  activities  were  not  adversely  affected  with  the  prescribed  bout  of  acute  exercise  in 
skeletal  muscle. 


SUMMARY  AND  CONCLUSIONS 


Data  from  the  current  study  revealed  that  the  metabolic  enzymes  of  both  the  costal 
and  crural  diaphragm  are  well-protected  from  inhibition  in  activity  in  both  young  and  old 
rats  as  a result  of  40  minutes  of  uphill  treadmill  running  at  -75%  of  age-group  V02max. 
We  speculate  that  the  metabolic  protection  in  the  diaphragm  is  due  to  the  relatively  high 
antioxidant  enzyme  content,  high  mitochondrial  content,  and  recruitment  patterns  during 
exercise.  There  is  a sizable  inactivation  with  acute  exercise  of  phosphofructokinase  in  the 
red  and  white  gastrocnemius.  The  level  of  inactivation  is  greater  in  the  old  exercised  than 
in  the  young  exercised.  Dithiothreitol  has  little  effect  on  exercise-induced  PFK 
inactivation.  This  indicates  that  PFK  inactivation  for  this  level  of  exercise  in  the 
gastrocnemius  is  primarily  not  related  to  thiol/disulfide  exchange.  Mitochondrial  enzyme 
activities  measured  were  not  compromised  by  acute  exercise  for  both  age  groups  in  costal 
and  crural  diaphragm,  plantaris,  white  and  red  gastrocnemius,  and  soleus.  We  propose 
that  this  is  related  to  intensity  and  duration  of  the  exercise  protocol  used. 
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